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The main aim of this research is to investigate and develop well-performing p-type 
thermoelectric oxide materials that are sufficiently stable at high temperatures for power 
generating applications involving industrial processes. 
Presently, the challenges facing the widespread implementation of thermoelectric power 
generation technology lie in the high cost and low efficiency of thermoelectric systems. Scalable 
and practical applications, including commercialization based on the currently used materials are 
subject to environmental and cost issues, and thus are difficult to be realized. Metal oxides have 
attracted much attention due to features such as a natural abundance of constituent elements, 
environmental benignity and durability at high temperature in air. This research aims to develop 
and investigate the misfit-layered cobaltate Ca3Co4O9+δ, which demonstrates a large potential for 
high temperature applications owing to its large positive Seebeck coefficient (S) together with a 
metallic-like electrical conductivity and a low thermal conductivity typical of a “phonon glass–
electron crystal”. 
The research begins with the study of Ca3Co4O9+δ syntheses by solid-state and sol–gel 
reactions, followed by the use of spark plasma sintering (SPS) processing with different 
conditions such as sintering temperatures, applied pressures and ramping rates. With 
characterization of the microstructure, bulk density and thermoelectric transport properties, 
Ca3Co4O9+δ synthesized by sol–gel reaction followed by the proper spark plasma sintering 
processing conditions is suggested to be a beneficial means of obtaining high-performance 
Ca3Co4O9+δ owing to the resulting smaller particle sizes and enhanced grain alignment. 
Other than the conventional solid-state reaction and sol–gel methods, a rapid auto-
combustion reaction for the synthesis of Ca3Co4O9+δ nano-powder is developed to realize 
nanostructuring for enhanced thermoelectric properties. The procedure is a modification of the 
conventional citrate–nitrate sol–gel method where an auto-combustion process is initiated by a 
controlled thermal oxidation–reduction reaction. This synthesis produces morphological and 
compositional homogeneity, and fine, well-defined particle sizes. With determined optimal spark 
plasma sintering processing conditions, highly dense and beneficially textured Ca3Co4O9+δ can 
be fabricated.  
Introducing extrinsic elements as dopants may exert great influence on the thermoelectric 
properties. Singly Fe-doped and Fe/Y co-doped Ca3Co4O9+δ samples synthesized by the newly 
developed auto-combustion reaction followed by spark plasma sintering processing with the 
effects of Fe and Fe/Y doping on the high temperature thermoelectric properties (from room 
temperature to 800  ) were investigated and discussed. The Fe substitution at the Co-sites 
effectively reduces the electrical resistivity ( ) while the Seebeck coefficient is influenced only 
 II 
slightly. Y substitution for Ca
2+
 leads to an increase in the Seebeck coefficient but also in the 
electrical resistivity. With a proper amount of Fe co-doping, the increase in the electrical 
resistivity was compensated, and together with the improved Seebeck coefficient the addition of 
Fe lead to the enhancement of the overall thermoelectric performance.  
With the aforementioned approach, further investigation has been conducted on rare-earth 
doping with Ce in Ca3Co4O9+δ in order to explore the effects on the high temperature 
thermoelectric properties. With the auto-combustion reaction synthesis followed by spark plasma 
sintering processing, Ca3-xCexCo4O9+δ exhibited increasing electrical resistivity and Seebeck 
coefficient with increasing Ce doping content over the whole measured temperature range, while 
the in-plane thermal conductivity ( ) was only slightly influenced. Since the introduction of Ce 
leads to a small decrease in the power factor (PF) but also reduction in the thermal conductivity 
resulting in the figure-of-merit (ZT) values being similar to the un-doped Ca3Co4O9+δ, the ZT 
may be enhanced in rare-earth and transition metal (e.g., Ce and Fe) co-doped Ca3Co4O9+δ 




Denne afhandlings fokus er at undersøge og udvikle p-type termoelektriske materialer med 
god ydeevne, der udviser tilstrækkelig stabilitet ved høje temperaturer til at de kan benyttes til 
strømgenerering ved industrielle processer. 
I øjeblikket ligger udfordringerne der forhindrer termoelektrisk strømudvinding i at blive 
almindeligt udbredt i de store omkostninger samt ringe nyttevirkning af nuværende 
termoelektriske systemer. Skalerbare og praktisk anvendelige systemer er derudover svære at 
realisere, da kommercialisering på baggrund af de anvendte materialer er underlagt 
miljømæssige og omkostningsmæssige problemer. Metaloxider har tiltrukket megen 
opmærksomhed på grund af forhold som naturlig overflod af de anvendte grundstoffer, gode 
miljømæssige egenskaber samt holdbarhed ved høj temperatur i luft. Denne forskning har til 
formål at udvikle og undersøge defekt-laget cobaltat Ca3Co4O9+δ, som udviser et stort potentiale 
for brug ved høje temperaturer på grund dets store positive Seebeck-koefficient (S) sammen med 
en metallisk-lignende elektrisk ledningsevne og en lav varmeledningsevne, som er typisk for en 
"phonon glas–elektron krystal". 
Afhandlingen starter med studiet af Ca3Co4O9+δ synteser ved faststof-reaktion og sol–gel 
reaktioner, efterfulgt af brug af spark plasma sintring (SPS) under forskellige forhold som 
sintringstemperaturer, temperaturprofiler og anvendt tryk. Efter karakterisering af mikrostruktur, 
densitet og termoelektriske transportegenskaber af Ca3Co4O9+δ syntetiseret ved sol–gel-metoden 
efterfulgt af de rette SPS forarbejdningsbetingelser, er dette fundet at være en gavnlig måde at 
opnå højtydende Ca3Co4O9+δ. Den resulterende højtydende effekt skyldes små partikelstørrelser 
samt øget korntilpasning. 
Foruden den konventionelle faststof-reaktion og sol–gel-metode, er en hurtig auto-
forbrændingsreaktion for syntesen af Ca3Co4O9+δ nano-pulver udviklet for at opnå 
nanostrukturering, som giver forbedrede termoelektriske egenskaber. Proceduren er en 
modifikation af den konventionelle citrat nitrat sol–gel-metode, hvor en auto-forbrændingsproces 
initieres under en kontrolleret termisk oxidations-reduktionsreaktion. Denne syntese producerer 
morfologisk og kompositorisk homogenitet og fine veldefinerede partikelstørrelser. Under 
bestemte SPS forarbejdningsbetingelser kan der fremstilles Ca3Co4O9+δ med en gavnlig 
overfladestruktur og høj densitet. 
Introduktion af udefrakommende elementer via dotering kan have en stor indflydelse på de 
termoelektriske egenskaber. Enkelt Fe-doterede og Fe/Y co-doterede Ca3Co4O9+δ prøver blev 
syntetiseret vha. den nyudviklede auto-forbrændingsproces med derpå følgende SPS under 
tilpassede forarbejdningsbetingelser. Den resulterende effekt af Fe og Fe/Y defekterne i 
Ca3Co4O9+δ på de termoelektriske egenskaber ved høj temperatur (fra stuetemperatur til 800 ) 
er blevet undersøgt og diskuteret. Fe-substitution på Co-gitterpladserne reducerer den elektriske 
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resistivitet ( ), mens Seebeck koefficienten kun påvirkes lidt. Ca2+ substitueret med Y medfører 
en stigning i Seebeck koefficienten, men også i den elektriske resistivitet. Med en passende 
mængde Fe co-dotering blev stigningen i den elektriske resistivitet kompenseret, og sammen 
med den forbedrede Seebeck koefficient medførte tilføjelsen af Fe en forøgelse af den samlede 
termoelektriske ydeevne. 
Som ved den ovenfor nævnte fremgangsmåde blev en yderligere undersøgelse foretaget, hvor 
Ca3Co4O9+δ blev doteret med den sjældne jordart Ce, for at undersøge effekten på de 
termoelektriske egenskaber ved høj temperatur. Ved auto-forbrændingsprocessen efterfulgt af 
SPS behandlingen, udviste Ca3-xCexCo4O9+δ øget elektrisk resistivitet og Seebeck-koefficient ved 
stigende Ce doping over hele det målte temperaturinterval, mens varmeledningsevnen i planen 
( ) kun var lidt påvirket. Eftersom introduktionen af Ce medfører et lille fald i power faktoren 
(PF), men også en reduktion af varmeledningsevnen, hvilket betyder at figur-of-merit (ZT) 
værdierne kommer til at ligne dem for de u-doterede Ca3Co4O9+δ, kan ZT øges ved dotering med 
sjældne jordarter og overgangs-metal (f.eks. Ce og Fe) co-dotering af Ca3Co4O9+δ ved afkobling 
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In the 21st century, energy and environmental issues have become the biggest challenges for 
the human society due to the gradually elevating energy cost and the global warming associated 
with the fossil fuels. Green energies, such as the well-known photovoltaics, wind energy and 
biomass, have been developed for decades as alternative energy sources to meet the increasing 
energy demand associated with the process of civilization. These technologies have provided 
human beings an undeniable route to diminish the greenhouse gas emissions and their impact on 
the environment [1]–[4]. 
Among green energies, thermoelectric (TE) energy conversion arouses a great deal of interest 
since the ability to directly convert the thermal energy associated with a temperature gradient 
into electrical energy and vice versa. As a means of power generation, electricity is able to be 
extracted from heat sources, which is known as the “Seebeck effect”. On the contrary, with the 
external electrical energy input, the phenomena called the “Peltier effect” can be used for 
creating temperature gradient for cooling or heating purposes [5][6]. The devices using TE 
materials possess many advantages such as solid-state operation, maintenance-free operation, 
and reliability due to the absence of moving parts and chemical reactions involved. These make 
TE devices particularly suitable for applications where the repairs would be difficult or 
impossible, for instance in space or remote terrestrial applications [7][8]. The Mars rover 
“Curiosity” is powered by a radioisotope thermoelectric generator (RTG) which converts the 
heat released by naturally decaying plutonium dioxide into electricity. Similar devices can also 
be found in Cassini and Galileo spacecrafts [9]–[11]. Additionally, a TE generator can be used in 
waste heat recovery to supply auxiliary power to improve an overall system efficiency, such as 
applications on vehicles or in factories to recover exhaust or industrial waste heat [12]–[15]. 
The major limits for broadening TE applications are the low energy conversion efficiency 
and high capital cost, which make TE technology inadequate to replace their conventional 
counterparts. The voltage that arises from a temperature difference across a material divided by 
the magnitude of that temperature gradient is called the Seebeck coefficient. In order to 
maximize the thermoelectric voltage for a given temperature gradient, a large Seebeck 
coefficient (S) is preferred. Also, in order to be able to efficiently serve as an electrical power 
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source, a high electrical conductivity (σ) is desired to maximize the output current through 
minimizing the internal resistance. In order to maintain the temperature gradient, the thermal 
conductivity ( ) should be low. Together with the above three intrinsic physical properties, the 
dimensionless figure-of-merit, ZT, is usually used to evaluate the performance of a TE material 










where T is the absolute temperature [16]. The larger the ZT value, the more efficiently the TE 
material converts energy [17][18]. Despite immense efforts having been made towards the 
development of TE materials with larger ZT value, high material and processing cost and 
complex fabrication methods still greatly limit the practical use and commercialization. 
Therefore, to explore and research materials of high efficiency with low cost and simple 
fabrication methods is an important focus within current thermoelectric research. 
In this chapter, the fundamental thermoelectric effects, applications, properties and an 
overview of the current research progress will be introduced and discussed.  
 
1.1 Thermoelectric Effects 
The mechanism of the conversion between thermal energy and electrical energy is based on 
the thermoelectric effect. The thermoelectric effect is a generic term including three defined 
thermodynamically reversible effects, namely the Seebeck effect, Peltier effect and Thomson 
effect. Sometimes the thermoelectric effect may be referred to as the Peltier–Seebeck effect. 
1.1.1 Seebeck Effect 
In 1821, Baltic German physicist Thomas Johann Seebeck noticed a deflected compass 
needle when it was brought near a loop consisting of two dissimilar metals with junctions at 
different temperatures [19]. Seebeck recognized this was caused by magnetism induced by the 
temperature difference and called the phenomenon the thermomagnetic effect. Danish physicist 
Hans Christian Ørsted afterwards realized the thermomagnetic force was induced by an electric 
current and gave the term "thermoelectricity". As shown in Fig. 1.1, today it is known as the 
“Seebeck effect”. 
In a closed loop with junctions at different temperature, there would be an electric current. In 
other words, in an open circuit with the temperature difference at two junctions an electrical 
potential difference (voltage,      ) at the two terminals would build up, as illustrated in Fig. 
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1.2. Within the limited temperature difference (∆T), the developed thermoelectric voltage is 







 , (1.2) 
where the proportionality constant SAB is called the “relative Seebeck coefficient” between two 
materials A and B in the circuit and is expressed in units of     or     (commonly      or 








Fig. 1.2. The Seebeck effect in an open circuit. 
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The Seebeck effect can also occur in a single material. Similar to the condition mentioned 
above, a material subjected to a temperature gradient would build up a thermoelectric voltage (V) 
at two ends of the material, as illustrated in Fig. 1.3. If the temperature difference (ΔT) between 







 , (1.3) 
where    is the thermoelectric voltage between the two ends and S is the Seebeck coefficient of 
the material, which is also measured in units of     or    . Thus with Eq. 1.3, Eq. 1.2 can be 












 , (1.4) 
SA and SB are the absolute Seebeck coefficients of the material A and B; which are intrinsic 




Fig. 1.3. The Seebeck effect in the sole material. 
 
A Seebeck coefficient can be positive or negative. While positive, the higher temperature end 
is with the lower voltage and two directions of the temperature and thermoelectric voltage 
gradients are opposite. The sign of the Seebeck coefficient is generally governed by the 
dominant charge carrier (holes or electrons); therefore it is positive in a p-type semiconductor 
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and negative in a n-type semiconductor. The Seebeck coefficient is often referred to as the 
thermopower but to avoid the confusion, the term “Seebeck coefficient (S)” would be used in the 
following text. 
1.1.2 Peltier Effect 
The Peltier effect was discovered in 1834 and is named after French physicist Jean Charles 
Athanase Peltier [21]. In a closed loop formed with two dissimilar materials with an applied 
electric current, heat may be generated at one junction but removed at another, in other words, it 
may result in heating and cooling at the junctions as shown in the schematic of Fig. 1.4. When 
the direction of the electric current is reverse, the opposite heat flow would be observed 
accordingly, thus the junction can behave as a heater or cooler. The heat generated or removed at 
the junction is proportional to the electric current (I) and the relation can be given as 
 IQ BA  )(
 , (1.5) 
where    is the heat generation or removal rate and ΠA and ΠB are the material dependent Peltier 
coefficients of the materials A and B. The Peltier effect is complimentary to the Seebeck effect 
since the thermal energy (heat) is transferred by the electrical energy in the former, however in 





Fig. 1.4. The scheme of the Peltier effect. 
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1.1.3 Thomson Effect 
Nearly 20 years later, the correlation between the Seebeck and Peltier effects was noted by 
William Thomson (Lord Kelvin) which is known as the Kelvin Relations and subsequently the 
Thomson effect was predicted and observed [22][23]. While a temperature gradient is applied in 
a material at the same time with the existence of an electric current, heat would either be 
absorbed by the material or released from it. The absorbed or released heat is proportional to the 
electric current (I) and the temperature gradient (  ), which can be calculated as 
 TIq  , (1.6) 
in which    is the heat absorption or release rate and   is the Thomson coefficient. With the 
electric current flowing towards the hot side and a positive temperature gradient, a positive 




Fig. 1.5. With a positive Thomson efficient, the given temperature gradient and electric current, a 
material absorbs heat. 
 
1.2 Functions of Thermoelectric Effects 
The most popular and classic TE application is a thermocouple. The thermocouple is a device 
used to measure temperature and it consists of two dissimilar conductors joined together at one 
end with their other ends (the thermocouple leads) isothermally in contact but electrical insulated 
from each other. While the temperature difference builds between the junction (at the 
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temperature to be measured) and the ends of the leads (held at a known reference temperature), a 
differential voltage is produced and the unknown temperature can be determined. This is a 
demonstration of the aforementioned Seebeck effect as the thermocouple voltage arises because 
of a difference in the Seebeck coefficients of the dissimilar conductors (Fig. 1.2).  
From a macroscopic perspective, the Seebeck and Peltier effects provide a means to convert 
electrical energy to thermal energy and vice-versa. As the schemes shown in Fig. 1.6, a TE 
generator consists of n- and p-type semiconductors which are electrically connected in series and 
thermally in parallel. By applying a heat source on one side and a heat sink on another to build a 
temperature difference, positive and negative charges (holes and electrons) in the semiconductors 
flow toward the cold side and electrical energy is developed based on the Seebeck effect. On the 
contrary, with the same construction an applied electrical current will pump heat from one side to 
the other via the Peltier effect. Either as a power generator or a cooler, no moving parts or 
chemical reactions are involved in the process. Therefore, TE devices are ideal to be used in the 
applications which require durability and reliability. Additionally, TE devices are scalable. By 
connecting n- and p-type semiconductors (as illustrated in Fig. 1.6, also called a unicouple) 
electrically in series and thermally in parallel, a TE module (as shown in Fig. 1.7) is able to 









Fig. 1.7. TE power generation module (top) contains many unicouples (bottom, same as the 
scheme in Fig. 1.6) which are connected electrically in series and thermally in parallel [24]. 
 
In two publications during the period from 1909 to 1911, German physicist Edmund 
Altenkirch established a theory for the maximum efficiency of a TE power generator and cooler 
[25][26]. Today it is simply known as the dimensionless figure-of-merit, ZT (Eq. 1.1). It 
indicates a good TE material should possess high electrical conductivity, large Seebeck 
coefficient and low thermal conductivity. Since these three properties are correlated, to improve 
one of them may often lead to an offset from another, constraining the enhancement in ZT. Fig. 
1.8 illustrates the dependence of these properties on carrier concentration [24]. It is clear that the 
electrical conductivity and Seebeck coefficient are related inversely. For instance, metals 
normally possess high carrier concentration with high electrical conductivity, but small Seebeck 
coefficient and high thermal conductivity leading to poor ZT values. The reciprocal relation also 
can be noticed between the electrical conductivity and thermal conductivity. Due to the fact that 
a part of thermal energy is conducted by charge carriers, a material with high carrier 
concentration is not only beneficial to the electrical conductivity but also to the thermal 
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conductivity, resulting in thermal insulators not being suitable for TE applications even though 
they exhibit very low thermal conductivity because they have also poor electrical conductivity. 
TE materials with the optimal ZT values, therefore, are typically heavily doped semiconductors 




 carriers per cm
3
. The details regarding the 
TE properties, the electrical conductivity, Seebeck coefficient and thermal conductivity are 
discussed later in this chapter.  
 
 
Fig. 1.8. The maximum of ZT involves compromised thermal conductivity ( , plotted on the y-
axis from 0 to a top value of 10     ) and Seebeck coefficient (  or S, 0–500     ) with 
electrical conductivity ( , 0–5000       ) [24]. 
 
The materials with larger ZT values may be expected to contribute more enhancement of the 
energy conversion efficiency in applications. For a TE power generator, the maximum efficiency 




















 , (1.7) 
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where    and    are the hot and cold side temperatures respectively;    and    are the 
temperature difference and the average temperature of the hot and cold sides [27]. Care should 
be taken that      is the device figure-of-merit (     is used to distinguish “the device ZT” from 
“the material ZT”), in which the intrinsic properties of both TE materials in the device are 
involved. From Eq. 1.7, the efficiency for a power generator clearly depends on other device 
factors except the material ZT. It mainly stems from the fact that the material ZT includes 
temperature dependant properties ( , S,  ) and those differ from each material (n- and p-type) in 
a device. If those properties are assumed temperature independent and are identical in all 
constituent TE materials in a device,    equates the material Z in Eq. 1.7 [27]. Similar to all heat 
engines, the efficiency limit of a TE power generation corresponds to the Carnot efficiency 
(     , the first term in Eq. 7). With the given condition     1100 K and     500 K, the 
conversion efficiency ( ) can be plotted as a function of      as shown in Fig. 1.9. The 
conversion efficiency increases with      indicating that maximizing the device      values is 




Fig. 1.9. The calculated conversion efficiency ( ) as a function of      with     1100 K and 




1.3 Thermoelectric Properties 
1.3.1 Electrical Conductivity ( ) and Resistivity ( ) 
Since current must pass through the TE elements in order for a TE generator to provide 
electrical power, the electrical conductivity or resistivity is an important material-dependant TE 
property. The electrical conductivity is the reciprocal of electrical resistivity and which is 
determined by the ability of a material to conduct electrical current; in other words, a material 
with high electrical conductivity (low resistivity) indicates the readily electric charge movement 








 , (1.8) 
where n is the carrier concentration and   is the mean-free-time between scattering events during 
the carrier conduction; q is carrier charge (   for “hole” and    for “electron”) and m* stands 
for the carrier effective mass. The electrical conductivity is always positive irrespective of either 
hole or electron carriers in a material, and is also usually a function of temperature. In a metal 
with a perfect lattice, an electron will conduct without any ionic collisions (i.e.,   is infinite). The 
finite electrical conductivity for metals mainly results from the thermal motion of ions to scatter 
electrons, and the impurities leading to an imperfect lattice. As a result of the thermal motion, the 
electrical conductivity of pure metals decreases with the elevated temperature. 
Semiconductors possess the electrical conductivity between metals and insulators. With 
increasing temperature, the electrical conductivity increases in contrast to metals, and for which 
the changes in the carrier concentration and mean free time are responsible. Similar to metals, 
the carrier mean free time decreases with elevating temperature in semiconductors, however, the 
increase in the carrier concentration with temperatures overwhelms the drop in the carrier mean 
free time and results in the increased electrical conductivity [30]. 
To alter the electrical properties in semiconductors, doping is an effective manner as it 
directly influences the carrier concentration. Through doping, dopant atoms are intentionally 
introduced into an intrinsic (pure) semiconductor as either donors or acceptors to vary the carrier 
concentration. Depending on the dominant carrier concentration, a doped semiconductor with 
electron carriers is classified as a n-type semiconductor, or with hole carriers as a p-type 
semiconductor [30]. Since the TE current responding to an applied temperature gradient in n- 
and p-type semiconductors points to the opposite direction, a pair of two type materials is 
essential for consistent current flow in the construction of a TE device (as seen in Fig. 1.6 and 
1.7). 
1.3.2 Seebeck Coefficient (S) 
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In the Seebeck effect, a material with a temperature difference applied at two ends results in 
an electrical potential difference (voltage) between these two ends, thus the expression of the 
Seebeck coefficient is given by Eq. 1.3. It is noteworthy that the voltage built up in the sole 
material is not able to be measured simply by a voltmeter since the Seebeck effect 
simultaneously occurs in the external measurement materials (leads for a voltmeter) and 
contributes an additional voltage (as seen in Fig. 1.2). The measured net voltage leads to the 
relative Seebeck coefficient as expressed in Eq. 1.2. Technically, with a small temperature 
difference, the electric current density (J) occurs within the material can be expressed by 
 )()()( TVETVVJ TT   , (1.9) 
where    and    are the voltage and temperature gradients respectively;   is the electric 
conductivity [31]. The first term is the current density contributed from the voltage built up by 
the accumulated charges, and the second term describes the current density driven by the 
temperature gradients (VT is the voltage as a function of the temperature difference). These 
currents flow in opposite directions. The scheme for a metal with electron carriers in this case 
can be seen in Fig. 1.10. If the equilibrium is reached and the temperature difference is 
maintained, no electric current flows. Thus Eq. 9 is given with J   0 as 
 0)(  TVV Ts , (1.10) 
where     is the electric field generated by the Seebeck effect. The Seebeck coefficient (S) is 
then determined as 




Fig. 1.10. The scheme of the Seebeck effect in the sole metal with electron carriers. (a) The 
electrons with higher energy at the hot side migrate toward the cold side. The electron current 
points to the cold side. (b) With the accumulated charges at two ends, the internal electric field 
(E) applies a force on electrons to migrate toward the hot side. The flows of the electrons in (a) 
and (b) are opposite. 
 
The Seebeck coefficient can be positive or negative, and is related inversely with the 
electrical conductivity as mentioned. To have an insight into it, a simple situation can be 
considered; assume a free electron one-dimensional (1D) system with the uniform distribution of 
free electrons and impurities as scattering sites. In addition, a temperature gradient is applied and 
assumed as 
 )()( xTxxT  . (1.12) 
In this simple system, a free electron with the effective mass m and charge –   behaves as an 
ideal gas and the average electron energy ( ) is only a function of temperature:       . As 
described in Eq. 1.9, the electric current density driven by the temperature difference can be 
expressed as 
   neTVj T )( , (1.13) 
where n is the electron density in this case and   is the average drift velocity of electrons. The 
average drift velocity depends on the average electron energy thus it is given by 















 . (1.14) 
Clearly both diffusion and thermal conduction are involved in above. For simplicity, the electron 
density (n) is assumed constant with position and time. As the assumption of the uniform 
electron and impurities distributions in the system,    can be a constant mean free path (l) and 
written as 
 xl   . (1.15) 
Using Eq. 1.13 to 1.15, the local net electric current density (jnet) toward the hot side is given as 





















()()()( . (1.16) 
















With the Drude model as given in Eq. 1.8 for the electric conductivity and the definition of the 





























































where C is the heat capacity of the material. The Seebeck coefficient is inversely proportional to 
the carrier concentration (n, electron concentration in this case), and varies in a reciprocal 
manner with the electric conductivity according to the Drude model. A material with electron as 
a carrier leads to the negative Seebeck coefficient, as shown in this case; on the contrary, positive 
for a hole-conducting material. 
In Eq. 1.18, the basic relationship between the Seebeck coefficient, carrier concentration and 
carrier charge is given. For more accurate expression and prediction, the Mott formula is often 



















where q is the carrier charge and kB is the Boltzmann constant;      is the electric conductivity 
contributed from electrons with the energy E and EF is the Fermi energy. By using the relation 





















     is the energy dependant mobility and Ce is the electronic specific heat. From Eq. 1.19 and 
1.20, the relationship between S, n, q and   can also be found as concluded from Eq. 1.18. The 
Mott formula is mainly used to predict the Seebeck coefficient of a weakly correlated metal at 
low temperature. It expresses the Seebeck coefficient is contributed from the energy dependant 
density of state (DOS), carrier drift velocity and relaxation time of the Fermi surface. However, 
due to the use of the independent single particle DOS, the Mott formula is generally not 
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applicable for semiconductors, superlattices and strongly correlated materials such as cobalt 
oxides. 
To overcome the weakness of the Mott formula on strongly correlated systems, the 
interactions between electrons have to be taken into consideration, especially for transition metal 
oxides due to the non-negligible 3d orbital overlapping amplitude between atoms; the Coulomb 
repulsion appears and exerts influence on the electron conduction occurring in the same atomic 
orbital. Based on the Hubbard model [34], effects of the strong electron correlation on the 
Seebeck coefficient have been studied and the importance of the spin degeneracy has been 






























where q is the carrier charge,      is the temperature dependant chemical potential and   
equates         ;    
  and     are the energy flux and charge current operators respectively. At 
high temperature   is close to zero and two operators become constant, thus the first term in Eq. 
1.21 goes to zero and can be thrown out. The high-temperature limit of the Seebeck coefficient is 



















where s is the entropy of the system and N is the number of particles; E and V are the internal 
energy and volume. Then the entropy can be expressed in terms of microstates by 
 gks B ln , (1.23) 








































which is a justifiable approximation only at high temperature. In Eq. 1.25, the Seebeck 
coefficient is expressed as the entropy transport per carrier. 
By the Hubbard model, the strong electron correlation can be introduced into the expression 
of the Seebeck coefficient in terms of the degeneracy. For simplicity, the one-dimensional (1D) 
case with the on-site repulsion resulting from the Coulomb repulsion between electrons at the 
same atomic orbital is considered, and the Hubbard Hamiltonian is written as 














iiii nnUCCCCtH , (1.26) 
where t is the hopping integral which represents the kinetic energy of electrons hopping between 
atoms, and U is the on-site Coulomb repulsion;    
 
 and     are, respectively, the electron spin 
( ) creation and destruction operators on site i;     is the number operator for spin. Clearly this 
Hamiltonian includes the electronic kinetic energy and the on-site Coulomb interaction. At high 
temperature,        , for a system with the uniform and random distribution of NA sites and 
N electrons, spin-up and spin-down electrons randomly locate among sites NA and each site is 
































 NNN . (1.27) 


















TS B , (1.28) 
where   denotes the ratio of electrons to sites (      ) and        since the negative 
charge of a electron. Eq. 1.28 is the generalized Heikes formula which is derived from the 
Hubbard model with the excluded on-site Coulomb repulsion [41]. For the case         in 
the same system, the on-site repulsion (U) should be taken into account; therefore, the 
configuration of a site which is occupied by two electrons with parallel or opposite spins is 
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TS B . (1.30) 
The difference between Eq. 1.28 and Eq. 1.30 stems from the strong electron correlation. 
By the description for the Seebeck coefficient at high temperatures in a strongly correlated 
system, Eq. 1.30 can be further extended and used for cobalt oxides, such as NaxCoO2 and 
Ca3Co4O9+δ [38][39]. In these materials, the oxidation state of the Co ions is mixed between 3+ 




 are involved in the 




, respectively. The values of g3 and g4 
depend on the Hund’s rule and the crystal-field splitting between t2g and eg orbitals together with 
the temperature [38][42]. While the temperature is sufficiently high, the total number of 
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where M is the number of Co
4+
































x  , (1.32) 
where x is the concentration of Co
4+




in this case can be 
considered as low- (LS), intermediate- (IS) and high-spin (HS) which are close to each other in 
energy owing to the relatively small gap between t2g and eg, as shown in Fig. 1.11. In cobalt 
oxides, the degeneracy ratio       not only affects the value but also the sign of the Seebeck 








 ions states: low-spin state (a), intermediate-spin state (b) 
and high-spin state (c) in cobalt oxides. The lines signify the energy states of t2g and eg. The 
arrows represent for electron spins. S is the magnitude of the spin and the number in each frame 
stands for the degeneracy g3 or g4 [38].  
 
Ca3Co4O9+δ is a p-type layered material containing CoO2 layers in which the hole carrier 
conduction takes place (details are referred to later in this chapter). Since the CoO2 layer is 




ions, the fact of a mixed Co oxidation state of 
+3.5 in which results in    0.5 [39]. In addition, both Co3+ and Co4+ ions in CoO2 layers 
generally are in the low-spin state (LS) for the un-doped Ca3Co4O9+δ. Applying Eq. 1.32 with 
   0.5 and the ratio          , the high temperature limit of the Seebeck coefficient 
        154      is obtained for the un-doped Ca3Co4O9+δ and which is close to the 
experimental observations [43][44]. 
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1.3.3 Thermal Conductivity ( ) 
Heat in a material is conducted by carriers and phonons. Therefore, the total thermal 
conductivity ( ) is associated with the carrier thermal conductivity (  ) and the lattice thermal 
conductivity (  ), giving the relationship as        . In a metal, having a high carrier 
(electron) concentration, the thermal conductivity is dominated by the carrier component. The 
metal which is the best electrical conductor is the best thermal conductor as well. In contrast, the 
heat conduction in an insulator is phononic and the lattice contribution accounts for the total 
thermal conductivity. Since the carrier is involved in the heat transfer as well as the electric 
conduction, with the Wiedemann–Franz law, the ratio of the electronic thermal conductivity (  ) 
to the electrical conductivity ( ) of a metal is given as 




where the ratio is proportional to the temperature by a constant of proportionality L0, which is the 























where    is the Boltzmann constant and e is the charge of an electron. Since the Wiedemann–
Franz law is based on the mechanisms of the heat and electrical conduction involving free 
electrons, it is only valid for the metallic-like conduction. In a metal with the elevated 
temperature, the average electron velocity increases as well as the collisions between electrons 
and nuclei, resulting in the increasing electronic thermal conductivity since the enhanced energy 
transport. In contrast, the electrical conductivity simultaneously decreases as the collisions divert 
the electrons from forward charge transport. 
The Wiedmann–Franz law expresses the prohibition of the simultaneous increase in the 
electrical conductivity and the depression in the electronic thermal conductivity. Any attempt to 
improve electrical conductivity leads an offset in electronic component of the total thermal 
conductivity, causing a challenge for enhancing material ZT as shown in Fig. 1.8. In this regard, 
materials with the thermal conductivity dominated by the lattice contribution are of interests as 
TE materials since the electrical conductivity is able to be preserved while attempting to the 
lower thermal conductivity through various techniques (alloying, nanostructuring, etc.). For 
semiconductors and semimetals, the carrier and lattice contributions to the total thermal 
conductivity are on the same order [45]. To reduce the lattice thermal conductivity by 
introducing complex crystal structures is an effective approach since it can interfere with phonon 
transport [46][47]. For example, Ca3Co4O9+δ possesses a misfit-layered structure where the misfit 
between layers is expected to hinder the heat conduction in the cross-plane direction. The 
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existence of imperfections and defects in materials, including additional inclusions and extra 
grain boundaries, also aids for the lower lattice thermal conductivity [48]. Instead of the presence 
of the additions as above, doping with heavy and large atoms not only can introduce phonon 
scattering sites but also adjust the carrier concentration, providing a potential approach for ZT 
enhancement.  
 
1.4 Current Research of Oxide Thermoelectric Materials 
A vast and variety of materials has been implemented in TE applications, from metals and 
semiconductors to ceramics and polymers in categories of materials which consist of mono-, 
polycrystalline or nanocomposites, and existing as bulks, films, nanoscale wires and clusters. 
The majority of efforts in recent TE research on bulk materials is mainly focused on 
semiconductor alloys such as filled skutterudites [49][50], half-Heusler compounds [51], 
clathrates [52][53], and chalcogenides [54]–[56], in which a     1 has been realized. Via 
forming monocrystalline, superlattice and nanostructuring, some reports have shown that ZT 
values can be increased further by reducing the lattice thermal conductivity below the alloying 
limit [56]–[61]. Venkatasubramanian et al. by producing a Bi2Te3/Sb2Te3 superlattice has 
increased the device      value to 2.4 at 300 K [57]. Biswas et al. through introducing “all-scale 
hierarchical architectures” (from atomic-scale lattice disorder and nanoscale endotaxial 
precipitates to mesoscale grain boundaries) in PbTe successfully enhanced the ZT value up to 2.2 
at 915 K [61]. Zhao et al. reported the unprecedented ZT value of 2.6 at 923 K in a SnSe single 
crystal suggesting that a simple compound possessing layered structures, anharmonic bonding 
and intrinsically low thermal conductivity can be a promising TE material in spite of the lack of 
nanostructuring. 
In the high temperature region (   800 ), however, primary alloy systems hardly retain 
those aforementioned remarkable TE performance due to the increased lattice thermal 
conductivity leading to the inferior ZT values. Additionally, sensitivities of alloy materials to 
oxidation or sublimation when in air at high temperature as well as the presence of the toxic, 
naturally rare and expensive constituents are important concerns for practical uses and 
commercialization. Therefore, oxide TE materials consisting of earth abundant elements, being 
of relatively lower toxicity and produced through a simpler process have been considered as a 
candidate for high temperature TE applications in air owing to their thermal and chemical 
stabilities. With the discovery of single-crystal NaCo2O4 which possesses distinguished TE 
properties [62], and later the research work on Ca3Co4O9+δ [63], metal oxides have garnered 
much interest and been widely studied. In this chapter, several representative oxide TE materials 
are introduced and discussed.  
1.4.1 Layered Cobalt-based Oxide Materials 
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Typical p-type cobalt-based oxides for TE applications are based on alkali or alkaline metal 
cobaltates with layered structures as shown in Fig. 1.12 [64]. The charge conduction occurs 
within the CoO2 layers while the electronic properties are subject to the variation in the cobalt 
ion valence and oxygen content [65]. The large Seebeck coefficient stems from the presence of 
the low-spin state of Co
3+
 as mentioned before (seen in Fig. 1.11) [38]. Additionally, the misfit 
between layers hinders the phonon transport resulting in lower thermal conductivity and suggests 
a great capability for TE applications. NaxCoO2 and Ca3Co4O9+δ are two promising TE oxides in 




Fig. 1.12. Schematic illustrations of layered cobalt based oxide structures [64]. CoO2 layers 




Ca3Co4O9+δ possesses a misfit-layered structure with a CdI2-type hexagonal CoO2 subsystem 
and a rock salt-type Ca2CoO3 subsystem that are alternately stacked along the c-axis with 
identical a, c and   parameters but different and incommensurate b parameters. Therefore, this 
misfit-layered oxide can be described as [Ca2CoO3][CoO2](b1/b2) with a b1 to b2 ratio of 
approximately 1.62, where b1 to b2 are two lattice parameters for the rock salt and CoO2 
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subsystems respectively [63][66]. Shikano et al. have reported a p-type single-crystalline 
Ca3Co4O9+δ with a ZT value of 0.83 at 800  [67]. 
The methods to produce polycrystalline Ca3Co4O9+δ are versatile and are commonly 
implemented due to the difficulty in single-crystalline sample preparation. Different Ca3Co4O9+δ 
syntheses and consolidation processes result in the inferences on the consequent texturing and 
densification, further affecting the TE properties. Wu et al. reported that highly dense 
polycrystalline Ca3Co4O9+δ can be obtained via a spark plasma sintering (SPS) processing [43]. 
With proper SPS conditions, the electrical conductivity may be enhanced. Due to the layered 
nature of the crystal structure, it is important to take into account the inherent anisotropy due to 
texturing when characterizing the TE properties of polycrystalline samples [43][44]. Improving 
the texturing leads to the increase in “in-plane” electrical conductivity and larger power factor, 
however, the thermal conductivity increases simultaneously since the loss of structural disorder. 
Particle size is another factor that affects texturing; with the same consolidation process, highly 
textured Ca3Co4O9+δ can be obtained by smaller Ca3Co4O9+δ particles prepared through wet-
chemical reactions. Other than the TE properties, the consolidation process also exerts influence 
on the mechanic properties [68]. 
Doping and introducing impurities are commonly adopted for TE property improvement in 
addition to altering consolidation conditions. The rare-earth ions (La, Pr, Dy, Ho, Er, Yb and Lu) 
as substitutions at the Ca-site in the Ca3Co4O9+δ system enhances the ZT values in high 
temperature region owing to the increase in the Seebeck coefficient and the decrease in the 
lattice thermal conductivity [69]–[71]. Nong et al. reported with Lu and Ag substitutions for Ca 
atom and the existence of Ag as nanoinclusions, the electrical conductivity and Seebeck 
coefficient can be elevated significantly; together with the decreased thermal conductivity, the 
highest ZT value of 0.6 at about 900  for poly-crystalline Ca3Co4O9+δ to date has been achieve. 
Besides, along with the demonstration of the thermal stability, heavily doped Ca3Co4O9+δ with 
metallic nanoinclusions has presented the potential for high temperature TE applications [70]. 
1.4.1.2 NaxCoO2 
Metallic NaxCoO2 possesses large a Seebeck coefficient and is composed of a CoO2 
subsystem and a non-fully filled insulating sodium atoms layer [62]. The disorder of sodium 
atom occupancy leads to the phonon scattering and lower thermal conductivity. TE properties of 
NaxCoO2 are dominated by the sodium content and oxygen vacancy. Due to the difficulty in the 
control of sodium- and oxygen-vacancy concentration, the variation in the properties of NaxCoO2 
is more considerable as compared with the variation in Ca3Co4O9+δ. The electrical conductivity 
as well as the Seebeck coefficient increase with the sodium content up to    0.78 [72]. While 
introducing oxygen vacancies, the reduction in carrier concentration occurs and leads to lower 
electrical conductivity and larger Seebeck coefficient; however, the consequent phonon 
scattering is depressed and the increase in the thermal conductivity results [73]. 
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Partially substituting for cations is a general approach to improve the TE properties of 
NaxCoO2. By Ni doping at the Co-site in NaxCoO2, the particle size can be reduced to lower the 
thermal conductivity along with enhancing the Seebeck coefficient [74]. With Zn substitution for 
Co, both the electrical conductivity and the Seebeck coefficient are elevated [75]. The presence 
of Ag in NaxCoO2 as impurities has shown the increase in the electrical conductivity and 
Seebeck coefficient as well as the thermal conductivity, leading to a close to single-crystalline 
ZT value of 0.9 [76]. Generally, TE properties of NaxCoO2 are better than Ca3Co4O9+δ. However, 
NaxCoO2 easily decomposes by reacting with the water in air, and sodium ions are susceptible to 
sublimation at temperatures higher than 800  placing limits on its application [77].  
1.4.2 Perovskite-type Oxide Materials 
Perovskite-type oxides consist of a diverse group of composition with a general formula 
ABO3. As seen in the schematic of the crystal structure shown in Fig. 1.13, B cations are 
surrounded by six oxygen ions forming BO6 octahedra, and the A cation is located in the center 
of eight corner-shared BO6 octahedra. Perovskite-type oxides are considered to be potential TE 
materials due to large Seebeck coefficients at high temperatures. Widespread research has been 
conducted on materials in this class of perovskite-type transition metal oxides, including two 
representative systems: SrTiO3 and CaMnO3. 
 
 
Fig. 1.13. Schematic crystal structure of perovskite-type oxide, ABO3 [78]. B cations are 





As a n-type TE oxide, SrTiO3 is thermally stable at high temperature and environmentally 
friendly. SrTiO3 is able to be a good electronic conductor via doping with electron donors. The 
thermal conductivity in pure SrTiO3 is dominated by the phonon conduction and the electronic 
contribution is negligible[79]. Through investigations of La doping at Sr-site or Nb doping at Ti-
site in SrTiO3 single crystals, the carrier scattering mechanism changes with the temperature; at 
about 470  from polar optical phonons/acoustic phonons coupled scattering to acoustic phonon 
scattering. The ZT values increase with the carrier concentration and La-doped SrTiO3 with the 
largest carrier concentration exhibits a ZT value of 0.27 at 800  [79]. With the combustion 
synthesis and SPS processing, highly dense samples (  98 % theoretical density) can be obtained 
and TE properties are improved as compared with those synthesized by the conventional solid-
state reaction (SSR) method; La-doped SrTiO3 which is produced with the same processing 
reaches a maximum ZT value of 0.22 at about 500  [80].  
The electrical conductivity and Seebeck coefficient are insensitive to the kind of rare-earth 
element doping at Sr-site in SrTiO3, while the thermal conductivity varies strongly; among rare-
earth elements, Dy doping results in the highest ZT values [81]. With increasing Dy doping 
concentration, the electrical conductivity and Seebeck coefficient are elevated; simultaneously 
the lattice thermal conductivity decreases and thus the ZT values are enhanced [82]. Other than 
single element doping, La/Dy co-doping with a proper concentration has been applied for 
improving electrical properties and a ZT value of 0.36 at about 800  can be obtained [83]. 
With doping, SrTiO3 can from a superlattice Ruddlesden-Popper structure, expressed as 
SrO(SrTiO3)n or Srn+1TinO3n+1, which is composed of perovskite-type (SrTiO3)n block layers and 
rock salt SrO layers stacking along the c-axis, as shown in Fig. 1.14. The superlattice structure 
offers the mechanisms that are found in layered cobalt-based oxides for reducing thermal 
conductivity but also causes a decrease in the electrical conductivity [84]–[86]. The rare-earth 
element doping at the Sr-sites in SrO(SrTiO3)n for    2 effectively improves the local 
symmetry of TiO6 octahedra and further enhances the Seebeck coefficient, leading to a ZT value 
of 0.24 at about 730   found in (Sr0.95Gd0.05)3Ti2O7 [87]. However, the studies of (Sr1-
xLax)n+1TinO3n+1 for    1 and 2 reveals the larger ZT values for    2 than for    1; similar ZT 
values found in (Sr1-xNdx)n+1TinO3n+1 for    1 and 2 [88], suggesting that more SrO–SrTiO3 
interfaces (i.e.,    1) and the layered structure are not as effective as shown to be in layered 




Fig. 1.14. Schematic illustrations of Ruddlesden-Popper crystal structures, SrO(SrTiO3)n with 
   1 (a) and    2 (b) [84]. 
 
1.4.2.2 CaMnO3 
Another promising n-type oxide in this class is CaMnO3, which possesses larger Seebeck 
coefficient and lower thermal conductivity; however a lower electrical conductivity stands as a 
barrier to TE applications. Similar to SrTiO3, electron doping is a common approach for 
enhancing the TE properties and which can be applied on both Ca- and Mn-sites in CaMnO3. By 
doping with diverse rare-earth elements at Ca-site, Ca0.9R0.1MnO3 (   La to Yb) exhibits 
adiabatic small polaron transport below 600 K but metallic-like conductivity at higher 
temperatures [89]. Similar carrier concentrations arrived at by rare-earth element doping is 
responsible for the insensitive Seebeck coefficient. However, the structural distortions and ionic 




 influences the electrical conductivity and thermal 
conductivity, leading to the largest ZT value of 0.2 at about 730  found in    Dy and Yb 
samples [89]. Compared to singly doped systems, Dy/Yb co-doped CaMnO3 has shown larger 
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ZT values which is mainly attributed to the distortion of the electronic density of states together 
with the enhanced point-defect scattering, leading to a ZT value of 0.26 at about 730   in 
Ca0.9(Dy0.05Yb0.05)MnO3 [90]. 
Besides doping, processing is also a factor in the enhancement of TE properties. By auto-
combustion synthesis, the CaMnO3 phase forms starting at 700  and completes by 900 , 
which is much lower than the usual 1350   for solid-state reaction synthesis [91]. The 
morphology and grain size distribution of CaMnO3 vary with calcination temperatures and the 
highest electrical conductivity can be extracted by calcining at 1000  . The grain sizes of 
CaMnO3 can be diminished to the nanoscale with co-precipitation synthesis [92]. Despite the 
slight decrease in the electrical conductivity with the shrinking grain size, the enhanced phonon 
scattering which is induced by a higher concentration of grain boundaries leads to the lower 
thermal conductivity and further the improvement in ZT values. Another route to smaller grains 
is ultrasonic spray combustion processing [93]. In this method the heat-treatment temperature for 
pure CaMnO3 is lower as compared with other syntheses and thus smaller starting powder 
particle sizes can be retained during processing leading to smaller grain sizes. This leads to 
increases in density and in phonon scattering at the grain boundaries for exhibiting higher 
electrical conductivity and lower thermal conductivity, respectively. 
1.4.3 Transparent Conductive Oxides 
Transparent conductive oxides (TCOs) compose a class of materials with optical 
transparency and high electrical conductivity, being widely used in optoelectronic devices, such 
as displays, photovoltaics, gas sensors and thin-film resistors. Focuses in this class are mainly on 
ZnO, In2O3, SnO2 and related oxides. From the point of view of the electrical conductivity and 
carrier mobility, transparent conductive oxides have potential for TE applications. 
1.4.3.1 ZnO 
Several features such as the stability, high melting point and high electrical properties prove 
ZnO to be a potential TE material, nevertheless high thermal conductivity is a central issue. 
Adequate n-type conduction can be realized in ZnO by doping and common dopants include Al, 
Ni, Ti and Ga. The electrical conductivity and Seebeck coefficient have been shown to benefit 
from the amount of 2 % Al addition; the Al induced decrease in the c/a ratio of the crystal 
structure, as well as the presence of secondary phases at the grain boundaries, are responsible for 
resulting in a ZT value of 0.3 at 1000  [94][95]. Grain size is a crucial factor in manipulating 
the electrical conductivity and thermal conductivity; the samples with larger grains have shown 
the larger ZT values [96]. 
Analogous to Al doping, the improvements in the electrical conductivity and Seebeck 
coefficient can be obtained with Ni substitution [97]; however, Ti additions increase the 
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electrical conductivity but cause a decrease in the Seebeck coefficient [98]. Other than single 
element doping, Ni or Ti as a co-dopant with Al are able to improve TE performance [99][100]. 
While Al and Ga are used in co-doped system, the improved Seebeck coefficient and reduced 
thermal conductivity, along with the slightly decreased electrical conductivity lead to a ZT value 
of 0.65 at about 975  [101]. 
SPS processing has been shown to enhance the Al doping amount into ZnO and results in the 
increased electrical conductivity [102]. Additionally, since Al doping is associated with the 
variation of the grain size, the combined effect of Al doping and grain refinement can be realized 
by a proper choice of the SPS condition and thus reduce the thermal conductivity. RF plasma 
processing provides a new approach to produce doped ZnO nanopowders and retain metallic 
electrical conductivity [103]. Al-containing ZnO composites consisting of nanoscale ZnO 
grains and ZnAl2O4 precipitates synthesized by the microwave-stimulated solvothermal synthesis 
exhibit approximate 20 times lower thermal conductivity at room temperature than ZnO without 
nanotructuring. Together with the retained electrical conductivity and Seebeck coefficient, a 50 
% larger ZT value of 0.44 at about 730  than non-nanostructured ZnO has been demonstrated 
[104]. 
1.4.3.2 In2O3 
In2O3 forms the cubic bixbyite-type crystal structure and is a weak n-type semiconductor. By 
extrinsic dopants, the carrier concentration and thus electrical conductivity can be strongly 
elevated. In addition to a low thermal conductivity, In2O3 is expected to be applied for TE 
applications. 
Nanoscale Ge-doped In2O3 grains can be produced by citrate gel synthesis [105]. Since the 
effects of the electron doping and enhanced phonon scattering, a ZT value of 0.3 is achieved. Via 
a co-precipitation method and SPS processing, the average grain size of Zn/Ce co-doped In2O3 
can be minimized to 10 nm and the nanostructures are able to be reserved [106]. With 
diminishing grain size, the electrical conductivity increases and thermal conductivity decreases; a 
ZT value of 0.4 at about 780  has been obtained in the 50 nm grained sample. 
(ZnO)mIn2O3 is an related compound with a layered structure, consisting of InO1.5, 
(Zn,In)O2.5 and ZnO layers alternately stacked along the c-axis. As a superlattice material, it 
shows a desirable low thermal conductivity and high carrier mobility; similar to layered cobalt 
based oxides, (ZnO)mIn2O3 is suitable for TE applications. Equivalent atomic species have been 
utilized to introduce appropriate lattice distortion to suppress thermal conductivity and enhance 
the carrier mobility, thus improving TE performance [107]. Due to the anisotropic nature of 
layered structures, Y-doped (ZnO)5In2O3 fabricated by the reactive-templated grain growth 
(RTGG) technique has shown that the elevated electrical conductivity, reduced thermal 
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conductivity while slightly lower Seebeck coefficient can be obtained by doping and enhancing 
the texturing, leading to a ZT value of 0.33 at 800  [108]. 
1.4.4 Other Oxide Materials 
Other than the above discussed primary TE oxides, BiCuSeO is another promising p-type TE 
material with a layered structure that is composed by alternately stacking the conductive 
(CuSe2)
2−
 layer and insulating (Bi2O2)
2+
 layer, as shown in Fig 1.15 [109]. It possesses low 
thermal conductivity and a variety of dopants for replacing Bi or Se to engineer the TE 
properties. With substituting Sr for Bi, the electrical conductivity increases and a ZT value of 
0.76 at 600  is obtained despite the negative effects of the decreased Seebeck coefficient and 
increased thermal conductivity [110]. Heavy doping with Ba at Bi-site in BiCuSeO and 
refinement of the grain size have further enhanced TE properties and resulted in a larger ZT 
value of 1.1 at 650   [111]. The highly textured microstructure achieved by a hot-forging 
process has exhibited an increase in carrier mobility and thus enhanced the electrical 
conductivity, leading to a ZT value of about 1.4 at 650   for Bi0.875Ba0.125CuSeO [112]. 
Introduction of Cu deficiencies can induce more carriers in the (CuSe2)
2−
 layers and elevates the 
electrical conductivity, along with high Seebeck coefficient and low thermal conductivity, 




Fig. 1.15. Schematic crystal structure of BiCuSeO [109]. 
 29 
Bi2O2Se is a n-type TE oxide with low lattice thermal conductivity approaching the value of 
glass-like structures, showing a ZT value of about 0.2 at 530   [111]; through doping and 
structure tailoring, electrical properties are expected to increase. LaCoO3 has exhibited a 
temperature dependant transition in the Seebeck coefficient, which shows the negative Seebeck 
coefficient in the range from room temperature to 180 , but a positive value above 180  
[113]. Substituting Ni into Co sites in LaCoO3 can eliminate the transition and maintain the 
positive Seebeck coefficient. Improving the TE properties by doping can also be applied in 
CuAlO2 [114]. Ag/Zn co-dopants can enhance the formation of the CuAlO2 phase and thus 
elevate the electrical conductivity and Seebeck coefficient; however, with the sole Ag dopant or 
Ag/Ni co-dopants, the electrical conductivity decreases, leading to a ZT value of 0.016 at about 
790  in Cu0.979Ag0.02Zn0.001AlO2. 
 
1.5 Research Aim and Thesis Outline 
The goal of this Ph.D. study is to develop a p-type TE oxide material with the sufficient and 
stable performance at high temperatures for power generating applications and which can be 
potentially incorporated in industrial processes. The scientific objective is to understand the 
effects of diverse dopants and different material processing methods on the high temperature 
thermoelectric properties of p-type materials.  
The challenges to break through into widespread application of TE power generation lie in 
the economy of systems and their functionality. Scalable and practical applications, including 
commercialization based on the currently used materials are subjected to environmental and cost 
issues, and thus are difficult to be realized. Metal oxides have attracted much attention due to 
features such as natural abundance, environmental benignity and durability at high temperature 
in air. The research focuses on the misfit-layered cobaltate Ca3Co4O9+δ which demonstrates 
significant potential for high temperature applications owing to its large positive Seebeck 
coefficient together with metallic-like electrical conductivity, and low thermal conductivity 
typical of a “phonon glass–electron crystal” [115].  
Nong et al. have developed a p-type layered Ca3Co4O9+δ polycrystalline with Lu and Ag 
substitutions for Ca and the existence of Ag as nanoclusions; by the conventional solid-state 
reaction method and subsequent SPS processing, it shows so far the largest ZT value of 0.6 at 
about 900  and provides an excellent matching to the n-type counterpart [70]. However, both 
Lu and Ag are expensive, which necessitates finding alternative cheaper solutions. On the basis 
of this knowledge, the research begins with the investigations of SPS conditions for solid-state 
reaction-fabricated Ca3Co4O9+δ, such as sintering temperatures, applied pressures and ramping 
rates, attempting to clarify processing effects by characterizing microstructure, phase purity and 
TE properties. For a bottom-up study, other than conventional solid-state reaction method, wet-
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chemical synthesis accompanied with SPS processing is studied. Developing a new synthesis is 
also involved and expected to give a firm basis of pure Ca3Co4O9+δ polycrystalline production 
for sequential approaches. 
As introduced before, extrinsic doping is able to exert great influence on the TE properties. 
Additionally, co-doping has shown potential in other material systems. Sole Fe doping and Fe/Y 
co-doping are chosen in this research and the systematic investigation of the effects on the high 
temperature TE properties of Ca3Co4O9+δ is given.  
Rare-earth elements as dopants, for instance Lu, have been successfully incorporated into 
Ca3Co4O9+δ and achieved the enhanced TE performance [69][70]. The investigation of Ce doping 
as new dopant in Ca3Co4O9+δ aims to explore the effects on the high temperature TE properties 
and is expected to retain or surpass the desirable features as reported systems with other rare-
earth element dopants. 
The subsequent chapter 2 explains and discusses the experimental procedures and 
characterizations. The following four scientific chapters focus respectively on effects of the 
consolidation processing, synthesis methods, and strategies for enhanced of the thermoelectric 
properties by single and dual doping. 
In chapter 3, the study of Ca3Co4O9+δ syntheses by solid-state and sol–gel reactions, and the 
spark plasma sintering (SPS) processing with different conditions such as sintering temperatures, 
applied pressures and ramping rates is presented. With characterizations in respect to the 
microstructure, bulk density and thermoelectric transport properties, Ca3Co4O9+δ synthesized by 
sol–gel reaction followed by the proper SPS processing is presented as a beneficial means of 
obtaining high-performance Ca3Co4O9+δ owing to the resulting smaller particle sizes and better 
grain alignment. 
The development of a rapid auto-combustion reaction for the synthesis of Ca3Co4O9+δ 
powder is introduced in chapter 4. The procedure is a modification of the conventional citrate–
nitrate sol–gel method where an auto-combustion process is initiated by a controlled thermal 
oxidation–reduction reaction. This synthesis produces morphological and compositional 
homogeneity, and fine, well-defined particle sizes. With determined ideal SPS processing 
conditions, highly dense and texturing Ca3Co4O9+δ can be fabricated.  
Fe-doped and Fe/Y co-doped Ca3Co4O9+δ samples synthesized by the newly developed auto-
combustion reaction and followed by the SPS processing with the effects of Fe and Fe/Y doping 
on the high temperature thermoelectric properties are investigated and discussed in chapter 5. 
The Fe substitution at the Co-sites effectively reduces the electrical resistivity ( ) while the 
Seebeck coefficient (S) is influenced only slightly. Y substitution for Ca
2+
 leads to an increase in 
the Seebeck coefficient but also in the electrical resistivity. With proper additional Fe doping, the 
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rising electrical resistivity was compensated, together with the improved Seebeck coefficient 
leading to improved thermoelectric properties.  
Chapter 6 introduces the effects of Ce doping in Ca3Co4O9+δ on the high temperature TE 
properties. With the auto-combustion reaction synthesis followed by spark plasma sintering 
(SPS) processing, Ce-doped Ca3Co4O9+δ exhibited an increased electrical resistivity (ρ) and 
Seebeck coefficient (S) with increasing Ce doping content over the whole measured temperature 
range, while the in-plane thermal conductivity ( ) was only slightly influenced. A slight decrease 
in the power factor (PF) but similar figure-of-merit ZT values to the un-doped Ca3Co4O9+δ 





Material Processing and Characterizations 
 
In this research, polycrystalline Ca3Co4O9+δ powders are synthesized by solid-state reaction 
and wet-chemical reactions, followed by spark plasma sintering (SPS) processing for 
consolidation. Subsequently, the phase identification and microstructural analysis are applied. To 
determine the TE properties, characterizations for the Seebeck coefficient (S), electrical 
resistivity ( ) and thermal conductivity ( ) are employed. The general introductions of the 
Ca3Co4O9+δ syntheses, SPS processing and properties characterizations are provided and 
discussed in the following text. 
 
2.1 Syntheses of Ca3Co4O9+δ 
The fabrication of pure or doped Ca3Co4O9+δ powders is mainly followed one of two routes: 
solid-state reaction or wet-chemical synthesis. The advantages of the solid-state reaction are 
simplicity and high yield, but the purity and the homogeneity are two major issues of concern. 
By contrast, wet-chemical synthesis eliminates the drawbacks of the solid-state reaction by 
atomic scale mixing, but the low yield associated with this process limits the scalability. In this 
research, conventional citrate–nitrate sol–gel method which involves the chelation between 
citrate and the metal ions originating from dissolved metal nitrates is employed as one of wet-
chemical syntheses. The new developed auto-combustion reaction is served as another wet-
chemical synthesis which is a modification of the citrate–nitrate sol–gel method where an auto-
combustion process is initiated by a controlled thermal oxidation–reduction reaction. 
Solid-state reaction synthesis is achieved by using commercial CaCO3 (99+ %) and Co3O4 
(99.7 %) starting precursors. The precursors are mixed thoroughly in stoichiometric ratio 
followed by ball milling with an appropriate amount of ethanol for 48 h. The dried mixtures are 
then calcined in air at 900  for 24 h. For citrate–nitrate sol–gel method, a stoichiometric ratio 
of Ca(NO3)2 4H2O (99+ %) and Co(NO3)2 6H2O (99+ %) are dissolved in aqueous citric acid 
solution. Following initial heating at 75  and drying of the gel at 120  in a vacuum muffle 
oven, the gel is further heat treated at 750  for 2 h for single phase Ca3Co4O9+δ. 
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Similar to citrate–nitrate sol–gel method, the auto-combustion reaction is carried out by a 
stoichiometric ratio of Ca(NO3)2 4H2O (99+ %) and Co(NO3)2·6H2O (99+ %) which is dissolved 
in distilled water with a specific amount of citric acid (99+ %) to keep the citrate–metal cation 
molar ratio at 1. Additionally, the citrate-to-nitrate molar ratio is maintained at 0.40 by 
introducing NH4NO3 (98+ %). After initially drying the gel while stirring continuously at 75  
until a uniform viscous gel is obtained, the temperature is raised to about 250  to induce the 
auto-combustion process. The resulting powders are calcined at 750  for 2 h to obtain single 
phase Ca3Co4O9+δ. The detailed synthetic processes in this research can be found in each chapter. 
 
2.2 Spark Plasma Sintering (SPS) Processing 
Conventional hot pressing (HP) and hot isostatic pressing (HIP) are consolidation processing 
methods in steady state, which are carried out by an external heat source. The surface energy 
which is activated by the heat spontaneously induces the mass diffusion and grain boundary 
migration between particles, leading to the densification. Several advantages such as 
homogeneous structure, texturing and improved mechanical properties can be obtained by these 
processing methods; however, the grain coarsening resulting from remaining at high operation 
temperature for a long period is a crucial feature [116]. SPS processing is similar to HP but with 
different way of heat generation. A pulsed direct current (DC) generator is equipped in a SPS 
system, as seen in Fig. 2.1. The starting powders are put in a sintering die (a graphite die is used 
in this research) under a uniaxial pressure placed between two electrodes. During the sintering 
process, a pulsed DC is applied leading to an internal heat source caused by Joule heating, and 
plastic deformation is followed due to the external loading at elevated temperature. Due to the 
unique heating mechanism, the SPS process enables high degree of densification at lower 
sintering temperatures within a short period (e.g., typically in few minutes) as compared with 
other conventional sintering processing methods. Combining with the rapid heating (e.g., 
achieving heating rate up to 1000     ) and cooling (e.g., up to 300     ), the SPS process 
provides the capabilities to depress the grain growth and produce dense materials with controlled 
microstructures. 
The SPS process used in this research is carried out by a Dr. Sinter SPS-515S system 
manufactured by Fuji Electronic Industrial Co., Ltd. with the capabilities of maximum pulsed 
current output 1500 A and sintering pressure 50 kN. Detailed SPS processing conditions used in 







Fig. 2.1. The configuration of a spark plasma sintering system (a) [117], and the picture of the 
SPS system in Department of Energy Conversion and Storage, DTU (b). 
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2.3 Electrical Resistivity, Seebeck Coefficient and Thermal 
Conductivity Characterization 
The electrical resistivity and Seebeck coefficient are obtained simultaneously with an 
ULVAC-RIKO ZEM3 under a low-pressure helium atmosphere. As the configuration shown in 
Fig. 2.2, the measurement is performed in a furnace and a specimen is held between two 
electrodes. With an applied constant current through the specimen, the electrical potential 
difference (voltage,   ) can be gauged by two identical thermocouple leads located aside, and 
thus the electrical resistivity can be determined. All electrical resistivity measurements shown in 
this research are averaged from four independent measurements at each measuring temperature. 
With a temperature gradient provided by a local heater placed at the bottom electrode (as 
seen in Fig. 2.2(b)), an induced electrical potential difference and temperature difference (  ) is 
recorded with two thermocouples to give the Seebeck coefficient (i.e.,        ) as described 
in Eq. 1.2. The Seebeck coefficient from a ULVAC-RIKO ZEM3 is determined by the slope of 
the electrical potential difference versus the temperature difference (i.e.,        ). In this 
research, the electrical potential differences are extracted at three preset temperature differences 







Fig. 2.2. The photo of the ULVAC-RIKO ZEM3 in Department of Energy Conversion and 
Storage, DTU (a); the schematic configuration of the system (b) and picture of the electrical 
resistivity and Seebeck coefficient measurements set up (c). 
 
The thermal conductivity is calculated using the equation         , where  ,   and cp 
are the density, thermal diffusivity and specific heat capacity, respectively. The thermal 
diffusivity is obtained under vacuum in a NETZSCH LFA-457 laser flash system as an average 
of three measurements at each measuring temperature. The cp is taken to be the temperature 
independent Dulong–Petit limit (e.g., 0.798       for the pure (un-doped) Ca3Co4O9+δ). The bulk 
densities of the samples are measured by the Archimedes’ method or using a Micromeritics 
AccuPyc 1340 gas pycnometer to calculate the density with an average of ten measurements. 
The theoretical density 4.68       for the pure (un-doped) Ca3Co4O9+δ is determined based on 
the lattice parameters reported by Masset et al. [63].  
Due to the nature of Ca3Co4O9+δ layered crystal structure, the anisotropy has been considered 
and special care has been taken in the specimen preparation and the measurements for accurate 
TE properties ( , S,  ). In order to assure each TE property with exactly the same processing 
history, samples to be measured were cut into small specimens along different directions as 
shown in Fig. 2.3 with dimension and direction depending on the type of characterizations. The 
expression “out-of-plane,  ” and “in-plane,  ” are used to denote the properties measured along 
the directions parallel and perpendicular to the SPS pressure axis, respectively. Variations in the 
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TE properties (measurement error) taken from multiple samples remain below 1 % and which is 
taken into consideration in the comparison and discussion. 
 
 
Fig. 2.3. Schematics of the specimens which were cut parallel ( ) and perpendicular ( ) to the 
SPS pressure axis due to anisotropy of the samples for the TE properties measurements. The 
properties  , S and   with the expression of out-of-plane ( ) and in-plane ( ) denote the 
properties measured along directions parallel and perpendicular to the SPS pressure axis. 
 
2.4 Other Characterizations 
X-ray diffraction (XRD) analysis is obtained using a Bruker D8 diffractometer with Cu Kα-
radiation and performed in air at room temperature on as-synthesized powders and consolidated 
pellets for phase identification with the scan range 2  from 0   to 90   and stay for 2 sec. at each 
0.01  . The phases are analyzed and identified by Brucker DIFFRACPlus EVA software with ICDD 
PDF-2 Release 2003 database. 
Microstructural analysis of the as-synthesized powders and the fracture surfaces of SPS 
samples is conducted using a ZEISS Supra 35 scanning electron microscope (SEM). The In-lens 
detector is used along with an acceleration voltage less than 7 kV and a less than 10 mm working 
distance. 
Simultaneous measurements of thermogravimetry (TG) and differential thermal analysis 
(DTA) is performed in oxygen on a NETZSCH STA-449C. The phase transition is analyzed by 
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differential scanning calorimetry (DSC) using a NETZSCH DSC-404C under flowing air. A few 
milligrams of the material to be analyzed were packed into an alumina-lined platinum crucible 
and loaded into the TG/DTA and DSC. In this research the measurements are performed with a 





Effects of Synthesis and Processing on the 




Ca3Co4O9+δ samples were synthesized by solid-state (SS) and sol–gel (SG) 
reactions, followed by spark plasma sintering under different processing 
conditions. The synthesis process was optimized and the resulting materials 
characterized with respect to their microstructure, bulk density, and 
thermoelectric transport properties. High power factors of about 400         
and 465         (at 800  ) were measured for SS and SG samples, 
respectively. The improved thermoelectric performance of the SG sample is 
believed to originate from the smaller particle sizes and better grain alignment. 
The SG method is suggested to be a beneficial means of obtaining high-
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3.1 Introduction 
Thermoelectric materials have provided a means to convert thermal energy into electrical 
energy. The performance of a thermoelectric material can be evaluated by the dimensionless 
figure-of-merit          , which consists of the Seebeck coefficient (S), the electrical 
resistivity ( ), the thermal conductivity ( ), and the absolute temperature (T). Shikano and 
Funahashi  first brought attention to Ca3Co4O9+δ as a high-temperature thermoelectric candidate 
by reporting a ZT of 0.83 (at 800 ) for a single crystal [67]. Ca3Co4O9+δ has a misfit-layered 
structure with a CdI2-type hexagonal CoO2 subsystem and a rock-salt-type Ca2CoO3 subsystem. 
The electronic conduction takes place mainly in the CoO2 layer while the Ca2CoO3 subsystem 
dominates the phononic conduction and may therefore be tuned to reduce the lattice thermal 
conductivity. However, the two-dimensional character of this layered structure can result in 
anisotropy in the thermal and electrical transport properties [67][118]. 
So far, many efforts have focused on Ca3Co4O9+δ to achieve higher thermoelectric 
performance by either mastering the ion doping or by choice of the processing route, i.e., solid-
state (SS) or sol–gel (SG) reactions [69][70][119]–[128]. For pure Ca3Co4O9+δ synthesized by 
SS, the resulting improvement has led to its thermoelectric properties reaching    9     , 
   180     , and power factor     370         at 800 , leading to a ZT of 0.25 [70]. 
On the other hand, for Ca3Co4O9+δ synthesis by SG, it was shown that    6.1     ,    165 
    , and     445         at 700 , but unfortunately no data on the thermal conductivity 
were reported and therefore no value for ZT is available [120]. Recently, Kenfaui et al. 
conducted a systematic study by varying the conditions of the spark plasma sintering (SPS) 
process, such as applied pressures and sintering temperatures, discovering that the thermoelectric 
properties increase with increasing sintering temperature and pressure up to 50 MPa, reaching a 
PF of 315         at about 550  [68]. Many other attempts have been made to improve the 
thermoelectric properties of this type of material.[129][130]. However, more detailed study of 
the processing parameters along with their relationship to the resulting thermoelectric properties 
is still needed. 
In this work, the thermoelectric properties of samples synthesized by SS and SG followed by 
consolidation using SPS under different processing conditions were investigated, i.e., 
temperature, pressure, and ramping rate. The microstructure, bulk density, and thermoelectric 
properties of the samples were compared and correlated to the processing parameters. 
3.2 Experimental Procedure 
In this study, solid-state reaction synthesis was achieved by using commercial CaCO3 (99+ 
%) and Co3O4 (99.7 %) starting precursors. The precursors were mixed thoroughly in 
stoichiometric ratio followed by ball milling with an appropriate amount of ethanol for 48 h. The 
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dried mixtures were then calcined in air at 900  for 24 h. For SG synthesis, a stoichiometric 
ratio of Ca(NO3)2 4H2O (99+ %) and Co(NO3)2 6H2O (99+ %) were dissolved in aqueous citric 
acid solution. Following initial heating at 75  and drying of the gel at 120  in a vacuum 
muffle oven, the gel was further heat treated at 750  for 2 h. 
The powders produced by SS and SG were consolidated using a SPS (Dr. Sinter SPS-515S; 
Fuji Electronic Industrial Co., Ltd.). Enough powders were poured into a graphite die to fabricate 
5 mm-thick pellets with diameter of 18 mm. A pulsed electric current was then passed through 
the powders under vacuum (10
-3
 bar) to consolidate the material. A range of processing 
conditions were chosen, such as sintering temperature 800  to 900 , uniaxial pressure 30 
MPa to 70 MPa, and ramping rate 100      to 300     . The sintering time was kept 
constant at 5 min. Table 3.1 presents the detailed SPS conditions. 
 













       
1 SS 800  30 MPa 100      96 % 36 % 
2 SS 850  30 MPa 100      97 % 39 % 
3 SS 900  30 MPa 100      99 % 37 % 
4 SS 800  50 MPa 100      99 % 41 % 
5 SS 850  50 MPa 100      99 % 41 % 
6 SS 900  50 MPa 100      99 % 37 % 
7 SS 800  70 MPa 100      99 % 40 % 
8 SS 850  70 MPa 100      99 % 42 % 
9 SS 900  70 MPa 100      99 % 34 % 
10 SS 850  50 MPa 150      99 % 40 % 
11 SS 850  50 MPa 200      99 % 40 % 
12 SS 850  50 MPa 300      99 % 38 % 
13 SG 850  50 MPa 100      99 % 78 % 
* The theoretical density of Ca3Co4O9+δ is 4.68 g cm
3  according to Masset et al. [63]. 
 42 
X-ray diffraction (XRD) analysis was conducted using a Bruker D8 diffractometer with Cu 
Kα-radiation. The bulk density of the samples was measured by the Archimedes method. 
Microstructural analysis of the powders and the fracture surfaces of SPS-processed samples was 
conducted using a ZEISS Supra 35 scanning electron microscope (SEM). In-plane Seebeck 
coefficient (S) and electrical resistivity ( ) measurements were carried out with an ULVAC-
RIKO ZEM3 from room temperature to 900  under a low-pressure helium atmosphere. The 
definitions of the in-plane and out-of-plane directions are illustrated in Fig. 3.1. 
 
 
Fig. 3.1. Scheme of in-plane and out-of-plane direction definitions in this work. The in-plane and 
out-of-plane properties are measured perpendicular and parallel to the applied pressure axis, 
respectively. 
 
The thermal conductivity was calculated using the equation          (where  ,   and cp 
are the density, thermal diffusivity, and specific heat capacity). The out-of-plane thermal 
diffusivity was obtained under vacuum using a NETZSCH LFA-457 laser flash system. The cp 
value used in this work was derived from the Dulong–Petit law: 0.798       at any temperature. 
3.3 Result and Discussion 
XRD patterns of Ca3Co4O9+δ powders before SPS consolidation are shown in Fig. 3.2(a). All 
the peaks could be indexed to Ca3Co4O9+δ according to the JCPDS card (PDF # 21-0139) and the 
XRD patterns reported in the literature, indicating relatively high purity of these samples [63]. 
The insets in Fig. 3.2 show SEM micrographs of Ca3Co4O9+δ particles produced by the two 
different synthesis routes, SS and SG; the average particle size for SS is around 2.5 µm with a 
plate-shape morphology, and the SG sample powders have an average particle size of about 500 
nm with a similar morphology. A qualitative difference in the particles sizes of SS and SG 
powders can also be judged through the width of their XRD peaks (from grain-size broadening 
effects of nanosized grains), which is in good agreement with the observation from the SEM 
images (Fig. 3.2, insets). Figure 3.3 exhibits the XRD patterns of the SS and SG samples 
consolidated using SPS, which were taken parallel to the applied pressure direction. An enlarged 
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section of the (002) diffraction peaks of the SS and SG samples are also plotted in the insets of 
Fig. 3.3 for comparison. The change in the relative intensity of the c-axis (00l) as compared with 
the (20  ) and (020) peaks before and after SPS processing (Fig. 3.3) indicates the existence of 
preferred orientation in the samples. To get insight into the degree of preferred orientation, the 















α , (3.1) 
where      stands for the measured intensity of the       peaks of SPS-consolidated samples and 
    
  for the intensity of the as-synthesized Ca3Co4O9+δ powders. The calculated a values 
corresponding to each sample in this work are presented in Table 3.1. The powders synthesized 
by SS and consolidated by SPS showed a similar c-axis orientation volume fraction in the range 
of 34 % to 41 %. In principle, a higher SPS applied pressure results in higher anisotropy due to 
texturing, but the calculations of the preferred orientation suggest that the anisotropy of 
Ca3Co4O9+δ powders synthesized by SS is insensitive to the SPS applied pressure. In contrast, the 
SG powders (sample 13) exhibited a significant a value of up to 78 %, pointing out the fact that 
the degree of texturing in the SG-prepared sample is apparently larger than in the case of SS 
synthesis. The fundamental difference in the particle sizes may be responsible for this texturing. 





Fig. 3.2. (a) XRD patterns of Ca3Co4O9+δ powders synthesized by SS (black) and SG (red) 
methods. All peaks can be indexed based on the JCPDS card for Ca3Co4O9+δ (PDF # 21-0139) 
(brown). Shown in the insets are SEM micrographs (15k  ) of Ca3Co4O9+δ particles from SS (b) 




Fig. 3.3. XRD patterns before (black line) and after (red crosses) SPS consolidation. XRD 
patterns of the consolidated samples were obtained by measuring along the out-of-plane 
direction. The different intensities of the indexed peaks indicate the difference in the degree of 
grain alignment. The insets show magnified (002) peaks of Ca3Co4O9+δ corresponding to each 
synthesis method. 
 
Samples 1–9 are SS-synthesized powders consolidated with various applied pressures and 
sintering temperatures. A minimum applied pressure of 50 MPa or else a minimum sintering 
temperature of 900   resulted in fully densified Ca3Co4O9+δ pellets. Since all the samples 
showed densities above 96 % of the theoretical density, there was no observable difference 
between SEM micrographs (Fig. 3.4). Samples 10–12 are a series of samples with varying 
ramping rate ranging from 100      to 300     . The ramping rate is the rate of heating 
before reaching a sintering temperature of 850  under an applied pressure of 50 MPa. The 
overall bulk densities of these samples were found to be above 99 %, indicating that the ramping 
rate had no obvious effect on SPS consolidation (Fig. 3.4).  
 
 
Fig. 3.4. Fracture-surface SEM micrographs (10k  ) of samples 1, 5, and 12 from left to right 
(with relative density of about 96 %, 99 %, and 99 %, respectively). The observations were 
carried out along the in-plane direction and the SPS applied pressure axis shown. 
 
A series of in-plane electrical resistivity measurements as a function of temperature of 
samples densified with different applied pressures and sintering temperatures is shown in Fig. 
3.5(a). All measured values are relatively lower than the ones reported in the literature (which 
range from 9      to 12     ), especially at high temperature (e.g., 7.31      at 700  
for sample 9 in this work) [70]. Except for samples 1 and 2, all samples exhibit no significant 
difference, particularly above 300  . These measurements indicate that, to obtain lower 
electrical resistivity in these samples, the applied pressure or sintering temperature should be at 
least 50 MPa or 850 , respectively. This is consistent with the measurements of the relative 
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density. As seen in Fig. 3.5(f), the electrical resistivity decreases linearly with increasing density. 
For all the samples with density of 99 % or higher, the average resistivity at 800   is 7.52 
      with less than 2% variance. 
The in-plane Seebeck coefficient versus temperature is shown in Fig. 3.5(b). Due to the fact 
that the Seebeck coefficient is an intrinsic property of the materials, similar values ranging from 
140         at room temperature to 175         at 800  were found, being comparable to 
the values reported in the literature [70]. It is worth noting that above 800  there is a turnover 
in the Seebeck coefficient data. While there is the possibility of a phase change from Ca3Co4O9+δ 
to the Ca3Co2O6 phase, this is unlikely as it would result in an increase in the electrical resistivity 
and the Seebeck coefficient [131][132]. The observed behavior may be explained in terms of 
oxygen nonstoichiometry resulting from measurement at high temperatures in a low-pressure 
atmosphere. 
In Fig. 3.5(c) the in-plane power factor is displayed as a function of temperature. At 750 , 
the maximum power factor is about 410        , which is among the highest values reported 
so far in the literature for bulk samples produced by SS [70]. Because the power factor is 
inversely proportional to the electrical resistivity by the Seebeck coefficient squared, and since as 
Fig. 3.5(b) shows, the Seebeck coefficient is weakly affected by the processing conditions, the 
dependency of the power factor on the processing conditions follows the inverse of the 
resistivity’s trend. 
Figure 3.5(d) shows the out-of-plane thermal conductivity as a function of temperature. 
Except for the samples pressed at 30 MPa (samples 1 and 2), there is little discernible difference 
between the curves, especially near room and high temperatures. The reason for the lower 
thermal conductivity of the 30 MPa samples is attributed to the higher porosity (lower density), 
as seen in Fig. 3.5(f). The dimensionless figure-of-merit ZT is the value used to evaluate the 
overall performance of a thermoelectric material. It should be noted that the ZT value in this 
work is derived from the out-of-plane thermal conductivity obtained along the SPS pressure axis. 
Since the differences in the degree of texturing between the SS samples in and out of the plane 
are not significant, combining the in-plane power factor and the out-of-plane thermal 
conductivity to calculate ZT may be justified. Figure 3.5(e) shows ZT as a function of 
temperature. ZT seems to be independent of the SPS processing conditions. From the results 
above, the density seems to play a dominant role in the electrical resistivity and thermal 

















Fig. 3.5. Temperature dependence of the SS-synthesized Ca3Co4O9+δ thermoelectric properties 
with varied SPS sintering temperatures (800  to 900 ) and applied pressures (30 MPa to 70 
MPa) (SPS conditions for each sample are presented in Table 3.1): (a) in-plane electrical 
resistivity, (b) in-plane Seebeck coefficient, (c) in-plane power factor, (d) out-of-plane thermal 
conductivity, (e) the figure-of-merit, ZT, and (f) dependence of electrical resistivity (left black 
axis) and thermal conductivity (right red axis) on relative density. 
 
The thermoelectric properties of samples densified using various ramping rates are shown in 
Fig. 3.6. There appears to be no relationship between the bulk density and the ramping rate. The 
thermoelectric properties of all the investigated SS samples were nearly the same despite the 
different ramping rates. As seen in Fig. 3.4, although high ramping rates during SPS processing 
may hinder grain growth, thus resulting in finer grains, this effect is not obvious in this study as 












Fig. 3.6. Temperature dependence of the SS-synthesized Ca3Co4O9+δ thermoelectric properties 
with constant SPS sintering temperature (850  ) and applied pressure (50 MPa) but varied 
ramping rate from 100      to 300      (SPS conditions for each sample are presented in 
Table 3.1): (a) in-plane electrical resistivity, (b) in-plane Seebeck coefficient, (c) in-plane power 
factor, (d) out-of-plane thermal conductivity, and (e) the figure-of-merit, ZT. 
 
Taking into account the experimental results presented above, the best conditions to 
consolidate SS-synthesized Ca3Co4O9+δ powders would be sintering temperature of 850  with 
applied pressure of 50 MPa and ramping rate of 100      . Increasing the sintering 
temperature and applied pressure results in no significant improvement of the thermoelectric 
properties of the material. In addition, no visual texturing as a function of applied load for the 
samples synthesized by SS could be found by SEM observation. A load of 50 MPa would 




Fig. 3.7. SEM micrographs (20k  ) of fracture surfaces of Ca3Co4O9+δ samples synthesized by 
SS (left, sample 5) and SG (right, sample 13) with an identical SPS process. The observations 
were carried out along the in-plane direction, and the SPS applied pressure axis is as described. 
 
In this work, Ca3Co4O9+δ powders were also synthesized by SG. The SPS condition used to 
consolidate the SG powders was deduced from the process parameters required to consolidate 
the SS powders, i.e., 850  sintering temperature, 50 MPa applied pressure, and 100      
ramping rate. The sample prepared by SG was found to be fully densified, about 99 % of the 
theoretical density. Figure 3.7 shows a comparison of SEM micrographs of fracture surfaces of 
both SS- and SG-synthesized Ca3Co4O9+δ densified by the same SPS process. Comparison of 
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these micrographs reveals an obvious difference in the morphology of the samples. The SG 
sample showed much smaller lamellar grains (about 600 nm) than the SS one (3.5 µm). It is 
evident that the SPS consolidation of the SG powders can preserve the fine grain sizes when 
sintering at 850  for only several minutes, e.g., 5 min in this work. In addition to the grain size, 
the texturing is also visible in SG (Fig. 3.7), which is consistent with the XRD results, i.e., an 
obvious difference of c-axis preferred orientation volume fraction of 78 % for SG as compared 
with 41 % for SS synthesis.  
Figure 3.8 shows a comparison of the thermoelectric properties between SG and SS powders 
consolidated under identical SPS processing conditions. The electrical resistivity for the SG 
samples showed lower values throughout the whole range of measured temperatures. At 700  
the electrical resistivity was 5.74      , which is the lowest reported value so far for 
Ca3Co4O9+δ [120]. On the other hand, the Seebeck coefficient of the SG sample was comparable 
to the reported value of the previous work [129]. Because of the lower electrical resistivity 
compared with SS synthesis, a higher power factor was obtained through the whole measured 
temperature range, with a maximum value of about 465         at 800 . The higher power 
factor may be a result of pronounced grain alignment. According to Noudem et al., the power 
factor could be enhanced from 70         to 400         at 550  with the improvement 
of grain alignment by a novel edge-free SPS technique [130]. The measured values of the out-of-
plane thermal conductivity were found to be lower than for the sample prepared by SS. This 
result may be explained by the role of grain boundaries in the transport properties of the material. 
Finally, the ZT at 800  is found to be about 0.35. However, it is not completely clear what is 













Fig. 3.8. Temperature dependence of the thermoelectric properties: (a) in-plane electrical 
resistivity, (b) in-plane Seebeck coefficient, (c) in-plane power factor, (d) out-of-plane thermal 
conductivity, and (e) the figure-of-merit, ZT, of Ca3Co4O9+δ samples synthesized by SS (black, 
sample 5) and SG (red, sample 13) with identical SPS conditions of sintering temperature of 850 
 , applied pressure of 50 MPa, and ramping rate of 100     . 
 
3.4 Conclusion 
In this work, the applied pressure and sintering temperature were varied systematically to 
find optimized spark plasma sintering conditions for consolidation of Ca3Co4O9+δ powders 
synthesized by solid-state reaction. Samples were evaluated with respect to their thermoelectric 
transport properties, density, and degree of texturing. Additionally, a sample prepared from SG-
synthesized powders and densified using the SPS parameters optimized for the SS powders was 
likewise evaluated for comparison. With the SS-synthesized Ca3Co4O9+δ starting powders, the 
bulk density was found to be the key parameter for reducing the electrical resistivity and thus 
maximizing the power factor. However, the ZT remains unchanged at about 0.23 at 800  for all 
SS-prepared samples. 
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For the SG-prepared Ca3Co4O9+δ powders, the sample seems to preserve the particle size 
during SPS as well as exhibiting a visible degree of texturing. Sintering at 850  with an applied 
pressure of 50 MPa during SPS was used to fabricate high-density, fine-grained Ca3Co4O9+δ 
pellets. Measurements of the thermoelectric properties revealed an enhancement in the electrical 
resistivity and the power factor to 5.74       at 700   and 465         at 800  , 
respectively. Regarding the Seebeck coefficient, the lower observed values as compared with SS 
synthesis suggest an intrinsic difference in the carrier concentration resulting from these two 
synthesis routes, which will be investigated in the future. In summary, SG would be a preferable 
synthesis method to produce high-performance thermoelectric Ca3Co4O9+δ material. However, 





High Temperature Thermoelectric Properties of 
Ca3Co4O9+δ by Auto-combustion Synthesis and 




A rapid method for the synthesis of Ca3Co4O9+δ powder is introduced. The 
procedure is a modification of the conventional citrate–nitrate sol–gel method 
where an auto-combustion process is initiated by a controlled thermal 
oxidation–reduction reaction. The resulting powders inherit the advantages of a 
wet chemical synthesis, such as morphological and compositional 
homogeneity, and fine, well-defined particle sizes coming from the controlled 
nature of the auto-combustion. Optimized spark plasma sintering (SPS) 
processing conditions were determined and used to fabricate dense and highly 
c-axis oriented samples. The microstructure and thermoelectric transport 
properties were determined both parallel ( ) and perpendicular ( ) to the SPS 
pressure axis in order to investigate any possible anisotropy variations in the 
transport properties. At 800 , power factors of 506         ( ) and 147 
        ( ), thermal conductivities values of 2.53       ( ) and 1.25 
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4.1 Introduction 
Thermoelectric materials provide a mean to convert thermal energy into electrical energy via 
the Seebeck effect. The performance of a thermoelectric material can be evaluated by the 
dimensionless figure-of-merit          , which consists of the Seebeck coefficient (S), 
electrical resistivity ( ), thermal conductivity ( ) and absolute temperature (T). Oxides are one of 
candidates of high interest for thermoelectric applications due to their low cost, high-temperature 
stability in air and chemical inertness. Shikano et al. first brought attention to Ca3Co4O9+δ as a 
high temperature thermoelectric p-type oxide candidate by reporting a ZT of 0.83 (at 800 ) for 
a single crystalline sample [67]. Ca3Co4O9+δ possesses a misfit-layered structure with a CdI2-type 
hexagonal CoO2 subsystem and a rock salt-type Ca2CoO3 subsystem that are alternately stacked 
along the c-axis with identical a, c and   parameters but different and incommensurate b1 and 
b2. Therefore, this misfit-layered oxide can be described with the formula [Ca2CoO3][CoO2]b1/b2 
with a b1 to b2 ratio of approximately 1.62 [63][66]. The electronic conduction takes place 
mainly within the CoO2 layer with the Ca2CoO3 layer serving as a charge reservoir, and while it 
is difficult to determine in which layer the lattice thermal conductivity is higher, the misfit 
between layers is expected to hinder the cross-plane phonon transport [133]. Therefore, 
anisotropy in the thermal and electrical transport properties is expected due to the two-
dimensional character of this layered structure [63][120][134][135].  
At present, the fabrication of pure or doped Ca3Co4O9+δ powders has mainly followed one of 
two routes: solid-state reaction or wet-chemical synthesis [43][69][70][71][118][125] 
[128][136]–[138]. The advantages of the solid-state reaction are simplicity and high yield, but 
the purity and the homogeneity are two major issues of concern. By contrast, wet-chemical 
synthesis eliminates the drawbacks of the solid-state reaction by atomic scale mixing, but the low 
yield associated with this process limits the scalability. To retain the advantages of the wet-
chemical synthesis, Song et al. reported the use of a polyacrylamide gel synthesis involving fast 
polymerization in calcium and cobalt nitrate aqueous solution, increasing the yield [136]. Zhang 
et al. also introduced a co-precipitation method to ensure the homogeneity of the powder [137]. 
Recently Wang et al. exhibited that via hydrothermal treatment the Ca3Co4O9+δ particle size can 
be reduced further for better thermoelectric properties [71]. Except for these unique methods, the 
Pechini method is still widely employed for Ca3Co4O9+δ synthesis, which involves the chelation 
between citrate and the metal ions originating from dissolved metal nitrates [139]. Following the 
decomposition of the vaporization of the organic constituents and citrate complexes at elevated 
temperatures (400–500  ), highly homogenous and sub-micron scale oxide powders can be 
obtained [138]. By this method, not only the atomic scale mixing for chemical homogeneity can 
be achieved, but also the feasibility of doping is provided by the introduction of dopant cation 
nitrates [128]. Despite the fact that this method is adaptable to many oxide systems, it still suffers 
from some practical difficulties, for instance, the resulting gel after drying is very adhesive and 
difficult to handle. Additionally, the gel swells considerably during the pyrolysis resulting in a 
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drawn out and uneven reaction rather than a favored rapid single step reaction. The present work 
sought to overcome these problems by using calcium and cobalt nitrates as the source of the 
metal ions, which were dissolved in a citric acid aqueous solution according to the Pechini 
method, but with a modified citrate–nitrate ratio that resulted in a rapid auto-combustion process 
induced by an exothermal oxidation–reduction reaction. The introduction of the auto-combustion 
step not only promotes the complete decomposition of the citrate complexes but also suppresses 
the grain growth by shortening the total reaction time at high temperature. The auto-combustion 
reaction was followed by the consolidation of the powders using spark plasma sintering (SPS) 
under different processing conditions. Due to the nature of the processing and the layered crystal 
structure of the material, the properties along both the parallel ( ) and perpendicular ( ) 
directions relative to the SPS pressure axis were studied and are discussed in this paper. 
4.2 Experimental Procedure 
A stoichiometric ratio of analytical regent grade Ca(NO3)2 4H2O (99+ %) and 
Co(NO3)2·6H2O (99+ %) was dissolved in an appropriate amount of distilled water, and a 
specific amount of citric acid (99+ %) was added to keep the citrate–metal cation molar ratio at 
1:1. Additionally, the citrate-to-nitrate molar ratio was tuned by introducing different relative 
amounts of NH4NO3 (98+ %) ranging from 0.28 to 0.50. After initially drying the gel while 
stirring continuously at 75  until a uniform viscous gel was obtained, the hot plate temperature 
was raised to about 250  until the auto-combustion process was initiated, which was completed 
within a minute. The resulting powders were calcined at 750  for 2 h to obtain single phase 
Ca3Co4O9+δ. 
Subsequently, the powders were consolidated by a spark plasma sintering (SPS, Dr. Sinter 
SPS-515S, Fuji Electronic Industrial Co., Ltd.). Powders were poured into a graphite die to 
fabricate 10 mm-thick pellets with a diameter of 18 mm. A pulsed electric current was then 
passed through the powders while under vacuum (10
−3
 bar) to consolidate the material. Based on 
our previous results, a range of the sintering temperatures were chosen from 700 to 850 , with 
a fixed uniaxial pressure of 50 MPa and a ramping rate of 100     . The sintering time was 
kept constant at 5 min [43]. 
The SPS samples were cut in different directions as shown in Fig. 4.1 depending on the type 
of characterizations. The symbols “ ” and “ ” are used to denote the properties measured along 
the directions parallel and perpendicular to the SPS pressure axis, respectively. 
Simultaneous measurements of thermogravimetry (TG) and differential thermal analysis 
(DTA) were performed in oxygen with a heating rate of 10      on a Netzsch STA-449C. 
Additionally, the formation of the Ca3Co4O9+δ phase from sol–gel produced precursors was 
analyzed by differential scanning calorimetry (DSC) using a Netzsch DSC-404C. After auto-
igniting the sol–gel, the resulting powders were heated to 425   to remove any residual 
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organics. A few milligrams of the product were lightly packed into an alumina-lined platinum 
crucible and loaded into the DSC. The measurement was performed under flowing air with a 




Fig. 4.1. Schematics of samples cut parallel ( ) and perpendicular ( ) to the SPS pressure axis 
for the anisotropic thermoelectric properties measurements. The properties S,   and   with 
subscript   and   denote the properties measured along directions parallel and perpendicular to 
the SPS pressure axis. 
 
X-ray diffraction (XRD) patterns were obtained using a Bruker D8 diffractometer with Cu 
Kα-radiation. Microstructural analysis of the synthesized powders and the fracture surfaces of 
SPS samples was conducted using a ZEISS Supra 35 scanning electron microscope (SEM). The 
Seebeck coefficient (S) andelectrical resistivity (  ) measurements were carried out 
simultaneously with an ULVAC-RIKO ZEM3 from room temperatureup to 800  under a low-
pressure helium atmosphere. 
The thermal conductivity was calculated using the equation          (where  ,   and cp 
are the density, thermal diffusivity, and specific heat capacity). The thermal diffusivity was 
obtained under vacuum in a NETZSCH LFA-457 laser flash system. The cp in this work was 
taken to be the temperature independent Dulong–Petit value of 0.798      . The bulk densities of 
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the samples were measured by the Archimedes’ method and compared with the theoretical 
density of Ca3Co4O9, which is 4.68       according to Masset et al [63]. 
4.3 Result and Discussion 
According to Pederson’s reaction model, the thermal oxidation–reduction reaction in a 
citrate–nitrate system can be represented by the following [140]: 
           
 
                     
 
                         
 
where   Ca2+ or Co2+,    2 for Ca3Co4O9+δ, and NO
3−
 acts as the oxidant and citric acid as 
the fuel. The idealized combustion reaction occurs with a citrate-to-nitrate molar ratio of about 
0.28. Through tuning this ratio, the auto-combustion flame propagation and the heat evolution 
can be controlled. In this work, a series of citrate-to-nitrate molar ratios were chosen from 0.50 
to the ideal value 0.28. With a ratio of 0.50, no auto-combustion occurred. In contrast, the flame 
propagated rapidly and vigorously at the ideal ratio of 0.28. These observations are consistent 
with the conclusion reported by Roy et al. who studied the YBa2Cu3O7−x system [141]; the 
excessive amounts of citric acid cannot induce the auto-combustion and the maximum heat 
evolution happens when the citric acid amount is slightly higher than the stoichiometric nitrate 
requirement. To promote complete chelation, the Ca3Co4O9+δ powders were synthesized from 
gels with an excess amount of citric acid so that the citrate-to-metal cation molar ratio was 1, and 
the necessary amount of nitrate required to activate the auto-combustion was provided by 
NH4NO3 to give a citrate-to-nitrate molar ratio of 0.40. 
Fig. 4.2(a) shows the TG/DTA curve of a dry Ca3Co4O9+δ gel with a citrate-to-nitrate molar 
ratio of 0.40. The DTA curve can be divided into three main regions. Below 200  there are 
three peaks, one endothermic at 100  and two exothermic, at 150 and 190 , accompanied by 
about 75 % weight loss. These peaks can be ascribed to the evaporation of residual water, the 
partial decomposition of nitrate and the initiation of the auto-combustion reaction, respectively 
[141]. In the second region from 250 to 350  one broad exothermic peak can be observed, 
which may be attributed to the decomposition of residual citric acid and results in an additional 
~2 % weight loss. No exothermic peaks were observed between 400 and 500  indicating no 
residual citrate complexes. With the incorporation of the auto-combustion reaction, the starting 
precursors – CaCO3 and Co3O4 – can be obtained at relatively low temperatures. The 
endothermic peak in the DSC curve displayed in Fig. 4.2(b) is a composite peak originating from 
the breakdown of CaCO3 into CaO followed by the formation of the Ca3Co4O9+δ phase. Although 
not presented here, comparison of the XRD patterns of the precursors after the initial furnace 
treatment at 425  with those of the sample reacted in the DSC confirm the origin of the peak to 





Fig. 4.2. (a) TG/DTA curves of the dry Ca3Co4O9+δ citrate–nitrate gel, and (b) the enlarged 
region of the TGA curve from (a) overlaid with the independently DSC measurement exhibiting 
a complex peak originating from the thermal decomposition of CaCO3 to CaO and the formation 
of the Ca3Co4O9+δ phase. 
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XRD patterns of the Ca3Co4O9+δ powders as-synthesized and after SPS consolidation at 850 
  are shown in Fig. 4.3. All the peaks could be indexed as Ca3Co4O9 according to the 
JCPDSPDF # 21-0139 of Ca9Co12O28 and the XRD patterns reported in the literature, indicating 
the purity and obvious texturing of these samples [63]. The inset in Fig. 4.3 displays the SEM 
micrographs of as-synthesized Ca3Co4O9+δ particles with the average particle size of ∼300 to 400 
nm and a plate-like morphology. Fig. 4.4 shows a set of SEM micrographs of the sintered 
fracture surfaces after SPS processing at 850  for 5 min, which were observed along directions 
parallel and perpendicular to the SPS pressure axis. The platelet morphology and textured 
microstructure is observable in these two micrographs, which is also consistent with the 
anisotropic XRD results. All samples exhibited densities more than 99 % of the theoretical 




Fig. 4.3. XRD patterns of the as-synthesized Ca3Co4O9+δ powders and the SPS consolidated 
samples. The red line pattern is from JCPDS PDF # 21-0139 for Ca3Co4O9+δ phase identification. 




Fig. 4.4. SPS sample microstructure micrographs observed along directions parallel (left) and 
perpendicular (right) to the SPS pressure axis. 
 
Due to the layered structure of Ca3Co4O9+δ and the morphological anisotropy observed in this 
study, the thermoelectric properties were measured along both   and   directions. Among 
samples which were densified by SPS at 700, 750, 800 and 850 , the maximum deviation from 
the averages in the   direction electrical resistivity, the Seebeck coefficient and the thermal 
conductivity are 2.5 %, 1.1 % and 2.2 %, respectively, as measured at 700  (detailed data can 
be found in the appendix). These are all within the error of the measurements, and so to be 
consistent with our previous work on optimizing the SPS processing conditions for solid-state 
prepared Ca3Co4O9+δ. For simplicity, Fig. 4.5 shows only the results of the measurements 
performed on the sample processed by SPS at 850  for 5 minutes under 50 MPa of pressure 
[43]. The electrical resistivity in the plane perpendicular to the SPS pressure axis (  ) varied 
between 5.24       and 5.72       throughout the measured temperature regime with a 
minimum value of 5.24      at 650 . These results are lower than those observed by Zhang 
et al. on a sample synthesized by the conventional citrate–nitrate method – 6.13      cm at 
700  [120]. To our knowledge, so far this is the lowest electrical resistivity value for pure 
polycrystalline Ca3Co4O9+δ with the normal SPS processing. The electrical resistivity measured 
along the   direction (  ) was found to be 15.32      at 700 , which is below the previous 
reported value of about 18       at that temperature [120]. The low magnitude and high 
anisotropy of the electrical resistivity can be explained as a result of the enhanced morphological 
texturing of the sample. A quantitative analysis of the texturing can be obtained by assessing the 
volume fraction,       , of c-axis oriented grains in the samples after SPS processing using the 














α ,  
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where      stands for the measured intensity of the       peaks from the XRD spectrum of the 
surface perpendicular to the SPS pressure axis of the consolidated samples and     
  for those of 
the as-synthesized Ca3Co4O9+δ powders. The auto-combustion powders exhibit a significant 
       value of up to 91 %, which is consistent with high degree of texturing indicated by the 
SEM observations. Due to the plate-like morphology of the as-synthesized Ca3Co4O9+δ powders 
shown in the inset of Fig. 4.3, asymmetric necking during sintering occurs resulting in 
anisotropic surface energies that in turn produce torques to drive the grain rotation [144]. 
Therefore, sintering with small plate-like Ca3Co4O9+δ particles may enhance microstructural 
anisotropy as the higher density of grain boundaries results in a higher concentration of grain 
rotation driving forces and therefore a higher degree of grain alignment. A benefit of the auto-
combustion reaction is the rapid formation of the starting precursors at relatively low 
temperatures. This allows for the subsequent calcination period needed to achieve the 
Ca3Co4O9+δ phase formation to be kept relatively short (2 h in this work). This limits the high 
temperature (above 700 ) particle size growth and therefore results in the enhancement of the 
anisotropy of the microstructure and the thermoelectric properties of the consolidated bulk 
samples. This conclusion corresponds well to Chen et al. work on the relationship between 
varied Ca3Co4O9+δ calcination temperatures and particle sizes, which points out that the smallest 
Ca3Co4O9+δ particle size calcinated at lower temperature after sintering exhibited the better grain 
alignment and higher thermoelectric performance [145]. The similar electrical conductivity 
improvement resulted from enhancing texturing also can be observed from other works. Both of 
Liu et al. and Kenfaui et al. works agreed that the SPS densification could improve the 
thermoelectric properties with grain orientation and higher bulk density [142][146]. With the 
assistance of the magnetic alignment technique and SPS processing, Zhou et al. reported a    of 
about 6      at 700  – exhibiting an improvement of about 30 % compared with the less 
textured sample [147]. Lin et al. later proposed that fabricating Ca3Co4O9+δ by the SPS and a 
dynamic forging process can increase grain orientation, also increasing the electrical 
conductivity by about 30 % [148]. Recently, Noudem et al. enhanced the texturing by a modified 
SPS processing – so-called “edge-free” spark plasma sintering, and at 550   a 30 % 
improvement in the electrical resistivity (7     ) and a power factor of 400         was 
obtained [130]. Except SPS processing, the reactive-templated grain growth (RTGG) method is a 
means to achieve highly texturing Ca3Co4O9+δ and it also demonstrated that the lowest electrical 
resistivity was from the most texturing sample, yielding a resistance of 3.8      at about 800 












Fig. 4.5. The temperature dependence of the thermoelectric properties measured along the   and 
  directions. 
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The temperature dependence of the Seebeck coefficient and power factor (       ) along 
both directions can also be seen in Fig. 4.5. The Seebeck coefficient increases with temperature, 
and the anisotropy between   and   directions is not as pronounced as much as the electrical 
resistivity, which is consistent with the results of Tani et al. and Zhang et al. reporting the 
Seebeck coefficient to be insensitive to the grain orientation [120][149]. The highest Seebeck 
coefficient value of 165      was measured at 800   within the   direction, which is 
comparable with reported values of samples synthesized by wet-chemical methods 
[120][136][137]. Due to the lower   and higher S within the   plane,     remains higher than 
    throughout the whole temperature range with amaximum value of      500      
   at 
800 . At 700  the value is  490         – about 10 % higher than reported for samples 
produced by the conventional citrate-nitrate reaction (about 445        ) with similar SPS 
condition [120]. This enhanced    , which was obtained by the auto-combustion synthesis and 
normal SPS processing, approaches that of samples prepared by more time costly processes such 
as the RTGG processing and repeated hot-pressing [135][149][150][152]. 
The thermal conductivities ( ) measured along   and   directions shown also in Fig. 4.5 
decrease with the temperature, which is comparable with the reported results from Ca3Co4O9+δ 
single crystal and polycrystalline samples [67][135].   contains both the electronic (  ) and the 
lattice (  ) contributions (i.e.,        ), but by applying the Wiedemann–Franz relationship, 
        , where the Lorenz factor is taken as     2.44 10
−8
      , the lattice contribution 
was calculated and accounts for more than 80 % of the total in both directions [67][133][153]. 
Since Ca3Co4O9+δ consists of alternating misfit-layers of CoO2 and Ca2CoO3, anisotropy in the 
thermal and electrical transport properties is expected. Although achieving lower    by 
enhancing grain alignment is a promising and effective route to obtaining higher    , it will lead 
to the increase of the    contribution in total   and compromise the thermoelectric performance 
in    , which may be observed from works with the RTGG processing and repeated hot-
pressing [135][150]. The relationship of the degree of texturing and the anisotropy in the 
transport properties will be the focus of future studies. 
Fig. 4.6 displays the temperature dependence of ZT calculated for both directions. At 800 , 
    and     were found to be 0.21 and 0.13, respectively, and these values are among the 
highest ZT values reported for pure bulk polycrystalline Ca3Co4O9+δ comparable to those 
synthesized via the hydrothermal treatment (     0.27 at 750  [71]), or processed with the 
RTGG (     0.26 at 800   [149][152]) and repeated hot-pressing (     0.24 at 800   
[135]). However, it should be noted that the in-plane thermal conductivity used for the 
calculation of     of the sample produced by the RTGG was measured on a sample exhibiting a 
lower electrical conductivity (and therefore a lower electronic contribution to the thermal 
conductivity) than the sample from which the power factor was taken [150]. Also, the value of 
    at 800   of the sample prepared by repeated hot-pressing was extrapolated from a fit 
equation provided in the reference – the measured data only extends to 650  [135]. When 
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considering that the ratio of         and         are 1.62 and 3.44, the   plane can be 




Fig. 4.6. The temperature dependence of the ZT measured along the   and   directions. 
 
4.4 Conclusion 
In this work, a new rapid synthesis method of producing Ca3Co4O9+δ fine powders using an 
auto-combustion synthesis method is demonstrated. The auto-combustion is induced by carefully 
tuning the ratio of citrate to nitrate based on the conventional sol–gel process. The synthesized 
Ca3Co4O9+δ powders were consolidated by SPS and the anisotropic thermoelectric properties 
were measured parallel and perpendicular to the SPS pressure axis. The auto-combustion 
synthesis provides an efficient and rapid method for producing pure polycrystalline Ca3Co4O9+δ 
with a high power factor and ZT in the plane perpendicular to the SPS pressure axis of about 500 
        and 0.21 at 800 , respectively. Moreover, the auto-combustion synthesis can be 








Temperature dependence of the electrical resistivity measured along the   (left) and   (right) 




Temperature dependence of the Seebeck coefficient measured along the   (left) and   (right) 









Temperature dependence of the in-plane (   , left) and out-of-plane (   , right) power factor 





Temperature dependence of the thermal conductivity measured along the   (left) and   (right) 









Temperature dependence of the in-plane (   , left) and out-of-plane (   , right) figure-of-merit 






Effects of Y and Fe co-doping on the High 





A series of Fe and Y co-doped Ca3−xYxCo4−yFeyO9+δ (0     0.3, 0     
0.1) samples synthesized by auto-combustion reaction and followed by a spark 
plasma sintering (SPS) processing with the effects of Fe and Y doping on the 
high temperature (room temperature to 800 ) thermoelectric properties were 
systematically investigated. For the Fe-doped system (   0,    0.1), the 
electrical resistivity ( ) decreased over the whole measured temperature range, 
while the Seebeck coefficient (S) remained almost the same. For the co-doped 
system, at any fixed Fe doping content, both   and S tended to increase with 
increasing Y dopants, however, the effect is more substantial on   than on S, 
particularly in the low temperature regime. In contrast to   and S, the in-plane 
thermal conductivity ( ) is only slightly influenced by Y and Fe substitutions. 
Among all the investigated samples, the co-doped sample with    0.1 and    
0.03 showed a decrease of  , 13 % enhanced power factor over the measured 
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Thermoelectric (TE) materials arouse a great deal of interest owing to the possibility of 
directly converting thermal energy into electrical energy via the Seebeck effect. The efficiency of 
TE materials can is proportional to the dimensionless figure-of-merit          , which 
consists of the Seebeck coefficient (S), electrical resistivity ( ), thermal conductivity ( ) and 
absolute temperature (T). Oxides are one of the promising candidate material classes for high 
temperature TE applications due to low cost, abundance of the constituent elements, and high-
temperature structural and chemical stabilities in air [67][70]. In this class, p-type Ca3Co4O9+δ 
has gained much attention after the discovery by Shikano et al. with a ZT of 0.83 (at 800 ) for a 
single crystalline sample as a promising high temperature thermoelectric p-type oxide material 
[67]. 
Ca3Co4O9+δ (abbreviated Co349 in the following text) possesses a misfit-layered structure 
with a CdI2-type hexagonal CoO2 subsystem and a rock salt-type Ca2CoO3 subsystem that are 
alternately stacked along the c-axis with identical a, c and   parameters but different and 
incommensurate b parameters. Therefore, this misfit-layered oxide can be described as 
[Ca2CoO3][CoO2](b1/b2) with a b1 to b2 ratio of approximately 1.62, where b1 to b2 are two 
lattice parameters for the rock salt and CoO2 subsystems respectively [63][66]. As a p-type 
material, the hole charge conduction takes place mainly within the CoO2 layer with the Ca2CoO3 
layer serving as a charge reservoir, and the misfit between layers is expected to hinder the 
phonon transport [133][154]. 
Though Co349 single crystals have been known to exhibit competitive ZT values at high 
temperatures, polycrystalline Co349 exhibits a much lower ZT value of about 0.2 at 800  [44]. 
To improve the ZT of the polycrystalline Co349, many efforts have been made by atomic 
substitutions for Ca or Co with the purpose of adjusting the carrier concentration or hindering 
phonon transport via mass fluctuation in order to optimize ZT [70][71][119][121][122][153] 
[155]–[163]. On the basis of the reported data, it shows that the substitution of Y on the Ca-site 





 ions would reduce the Co effective oxidation states in Co349 leading to a decrease in 
the hole (i.e., Co
4+





, Y substitution may diminish the phonon mean free path resulting in the 
reduction of  . An optimal Y doping content of 0.2 was often reported [122][153]. Y dopants 
may therefore induce merits to enhance S and reduce  , but the increase of   still remains a 
critical issue that need to be mitigated to achieve an enhancement in ZT [121][122][153]. 
Many reports have surveyed the transition metals such as Cr, Mn, Fe, Ni, Cu, and Zn as 
possible dopants for Co with respect to the TE properties of Co349 [119][158][159][161]–[163]. 
The influence of substitutions on the Co-site is more complicated than on the Ca-site in Co349 
due to the intrinsic feature of multiple oxidation states of the transition metals as dopants as well 
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as the presence of the two non-equivalent Co sites in the Ca2CoO3 and CoO2 subsystems 
[38][39][119][158]–[161]. Among the above mentioned dopants, the Fe-doped Ca3Co4−xFexO9+δ 
(   0.2) system was reported to show a simultaneous increase of S and decrease of   in the 
temperature regime below room temperature [161][163]. The reason for S increase was 
interpreted to be due to a strong electron correlation effect, while the decrease in   was attributed 
to the change in carrier concentration [158][161][162].  
In this work, a series of Co349 with various Fe/Y co-doping contents were prepared in order 
to investigate the effect of these elements on the high temperature thermoelectric properties. 
Firstly, a series of the Fe-doped Ca3Co4−yFeyO9+δ (0    0.1) was investigated, and secondly, 
Fe/Y co-doped Ca3−xYxCo4−yFeyO9+δ (0     0.3, 0     0.1) systems were prepared and 
characterized. The thermoelectric properties from room temperature to 800  and the co-doping 
effects are presented and discussed. 
5.2 Experimental Procedure 
Polycrystalline Ca3Co4O9+δ samples with Fe doping, and Fe/Y co-doping were prepared by 
an auto-combustion synthesis technique similar to that which is described in Ref. [44]. A 
stoichiometric ratio of analytical regent grade (99+ %) Ca(NO3)2·4H2O, Co(NO3)2·6H2O, 
Y(NO3)3·6H2O and Fe(NO3)3·9H2O were dissolved in de-ionized water with a specific amount 
of citric acid (99+ %) to keep the citrate–metal cation molar ratio at 1. Additionally, the citrate-
to-nitrate molar ratio was maintained at 0.40 by introducing NH4NO3 (98+ %). After drying the 
solution until a uniform viscous gel was obtained, the hot plate temperature was raised to about 
250  to initiate the auto-combustion process. The resulting powders were calcined at 750  for 
2 hours to obtain single phase Ca3Co4O9+δ as confirmed by X-ray diffraction.  
Subsequently, the powders were consolidated by a spark plasma sintering (SPS, Dr. Sinter 
SPS-515S, Fuji Electronic Industrial Co., Ltd.). Powders were poured into a 12.7 mm diameter 
graphite die to fabricate 10 mm-thick pellets. A pulsed electric current was then passed through 
the powders under vacuum (10
−3
 bar) to consolidate the material. Based on previous results, the 
sintering temperature was chosen to be 800 , with a fixed uniaxial pressure of 50 MPa and a 
ramping rate of 100     . The sintering time was kept constant for 5 min [43][44]. 
X-ray powder diffraction (XRD) patterns at room temperature were collected using a Bruker 
D8 diffractometer with Cu Kα-radiation to identify the phase composition of as-synthesized 
powders and SPS-sintered bulks. TE transport properties presented in this work were measured 
along the direction perpendicular to the SPS pressure axis (in-plane) [44]. The Seebeck 
coefficient (S) and electrical resistivity ( ) measurements were carried out simultaneously with 
an ULVAC-RIKO ZEM3 from room temperature up to 800   under a low-pressure helium 
atmosphere. The thermal conductivity was calculated using the equation          (where  , 
  and cp are the density, thermal diffusivity and specific heat capacity, respectively). The thermal 
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diffusivity was obtained under vacuum in a NETZSCH LFA-457 laser flash system. The cp in 
this work was taken to be the temperature independent Dulong–Petit limit. The bulk density of 
each sample was obtained with a Micromeritics AccuPyc 1340 gas pycnometer as an average of 
ten measurements. All samples exhibited densities more than 99 % of the theoretical densities. 
The theoretical density 4.68       for the un-doped Co349 was determined based on the lattice 
parameters from Masset et al. [63]. Variations in the TE properties ( , S,  ) of multiple samples 
taken from the same composition remained below 1 %, which was taken into consideration in the 
subsequent comparison and discussion.  
5.3 Result and Discussion 
XRD analysis revealed that all Fe-doped and Fe/Y co-doped samples are single phase of 
Co349. Fig. 5.1 shows typical XRD patterns obtained for the as-synthesized and the SPS-sintered 
samples of the un-doped Co349, Fe-doped Ca3Co3.9Fe0.1O9+δ (Fig. 5.1(a)) and co-doped 
Ca2.7Y0.3Co3.9Fe0.1O9+δ (Fig. 5.1(b)). All peaks were indexed as Ca3Co4O9+ according to the 
JCPDS PDF # 21-0139 and the XRD pattern reported by Masset et al. [63]. Fig. 5.2 shows a set 
of SEM micrographs of fracture surfaces of the un-doped Co349 and co-doped 
Ca2.7Y0.3Co3.9Fe0.1O9+δ after the SPS processing. A fine platelet morphology with elongation 
along the direction perpendicular to the SPS pressure axis is observed in these two micrographs. 
All samples exhibit high densities of more than 99 % of the theoretical density. These values are 
in agreement with the works of Liu et al. and Kenfaui et al. as well as our previous work 
[44][68][142]. 
Fig. 5.3 shows the resistivity (  ) as a function of temperature for the Fe-doped 
Ca3Co4−yFeyO9+δ with 0    0.1 (Fig. 5.3(a)) and for the Fe/Y co-doped Ca3−xYxCo4−yFeyO9+δ 
series with 0.1     0.3 and 0.03     0.1 (Fig. 3(b–d)). The resistivity of the un-doped 
sample is also plotted for comparison. The Fe-doped samples exhibit lower resistivity values 
than the un-doped Co349 over the whole measured temperature range (Fig. 5.3(a)). This 
resulting decrease in   upon Fe doping is similar to the reported observations below room 
temperature [158][159][161]–[163]. Wu and Liu et al. have reported that the decrease in   with 
Fe dopant content    0.10 below room temperature is associated with the increasing carrier 
concentration due to the oxygen content change [158][162]. Additionally, it was also reported 
that the structure of the conducting CoO2 layer becomes more ordered upon Fe doping, resulting 
in the increase of the carrier mobility owing to the suppression of scattering sites [158]. In Fig. 
5.3(a), however, no clear monotonic change in   was observed with Fe dopant content. The 
lowest value was obtained with a Fe dopant content of 0.05 in the temperature range above 300 






Fig. 5.1. XRD patterns of the as-synthesized powders and SPS-sintered pellets of the un-doped 
Co349, Ca3Co3.9Fe0.1O9+δ (a) and Ca2.7Y0.3Co3.9Fe0.1O9+δ (b). The peaks with indices at the 




Fig. 5.2. SEM images of the fracture surface of a typical SPS-sintered un-doped Co349 (left) and 
co-doped Ca2.7Y0.3Co3.9Fe0.1O9+δ (right) samples observed along the direction perpendicular to 
the SPS pressure axis. 
 
In Fig. 5.3(b–d), a clear tendency of the increasing   with Y dopant content can be observed 
for all co-doped systems. Similar observations were also found by Wang et al. on Y-doped 
Co349 [153]. A possible reason was suggested that the trivalent Y
3+
 substitutions for the divalent 
Ca
2+
 ions may reduce the Co
4+
 (hole) concentration in order to balance the net valence of the 
system, leading to the increase in   [121][122][153]. However, it should be noted that with    
0.05,   values are usually higher than those of the un-doped Co349 [121][122][153]. In the Fe/Y 
co-doped system, the sample with    0.1 and    0.03 showed a lower   value than the un-
doped Co349 over the whole measured temperature range. With the same Y dopant content of 
   0.1 (Fig. 5.3(b–d)),   tended to increase with Fe dopant content. 
Fig. 5.4 shows the Seebeck coefficient (S) at room temperature, 400 and 750  as a function 
of dopant contents for the Fe-doped Ca3Co4−yFeyO9+δ and co-doped systems. For Fe-doped 
system (Fig. 5.4(a)), although the Fe dopant content was varied, similar S values as the un-doped 
Co349 can be observed over the whole temperature range. Wang et al. and Liu et al. have shown 
that S of the Fe-doped system below room temperature was enhanced accompanied with 
decreasing   [161][163]. The explanation for the increase in S upon Fe doping was contributed 
from the strong electronic correlation with a larger electronic specific heat [161][164]. The 
observed insensitivity of S to Fe substitution above room temperature (Fig. 5.4(a)), according to 













Fig. 5.3. The temperature dependent electrical resistivity (  ) of the un-doped and 
Ca3−xYxCo4−yFeyO9+δ series. The samples with varied dopant content are sorted into four groups: 
(a) Fe-doped Ca3Co4−yFeyO9+δ samples with    0.03, 0.05, and 0.10. Samples of the fixed Fe 
content (b)    0.03, (c)    0.05 and (d)    0.10 with x varying from 0.1, 0.2 and 0.3. Open 









Fig. 5.4. The dependence on doping of the Seebeck coefficient (S) of the un-doped and 
Ca3−xYxCo4−yFeyO9+δ series. The samples with varied dopant content are sorted into four groups: 
(a) Fe-doped Ca3Co4−yFeyO9+δ samples with    0.03, 0.05, and 0.10. Samples of the fixed Fe 
content (b)    0.03, (c)    0.05 and (d)    0.10 with x varying from 0.1, 0.2 and 0.3. Open 




As for the co-doped system, a clear tendency of the increase in S with Y dopant content was 
observed at any typical temperatures of room temperature, 400 , and 750 . The increase in S 





. A similar behavior was also observed in the case of the Y-doped 
Co349 [121][122][153]. This resulting trend further demonstrates that the doping merits may be 
inherited to the co-doped system.  
Fig. 5.5 presents the power factor (PF) as a function of temperature for the Fe-doped and 
Fe/Y co-doped systems studied in this work.  PF of the un-doped Co349 sample was also plotted 
as a reference. For the Fe-doped samples, as a result of the reduction in   combined with an 
unchanged S, PF was enhanced throughout the investigated temperatures. Additionally, since Y 
doping resulted in an increase in S, accompanying with the reduced   by Fe doping, the PF could 
be further enhanced by a proper co-doping. Accordingly, the PF was found to be enhanced in the 
co-doped samples in Fig. 5.5. The co-doped sample with the lowest  , Ca2.9Y0.1Co3.97Fe0.03O9+δ, 
exhibited the highest PF values over the whole measured temperatures. Wang et al. have 
concluded that in the doping range    0.25, the Y dopant content of    0.1 greatly deteriorated 
the PF due to the overwhelming increase in   [122]. Therefore, the reduction of   is believed as 




Fig. 5.5. The temperature dependent power factor (PF) of typical samples that are representatives 
of the Fe-doped (   0,    0.1) and co-doped systems (   0.1,    0.03;    0.2,    0.05; 
   0.2,    0.1). Open symbols denote the PF of the un-doped Co349 as a reference. 
 
Fig. 5.6 shows the thermal conductivity ( ) for the selected Ca3−xYxCo4−yFeyO9+δ samples 
(with the measurement direction as indicated in the figure). Since the total thermal conductivity 
( ) contains both the electronic conductivity (  ) and the lattice conductivity (  ), namely 
       . With the Wiedemann–Franz relationship,          , where the Lorenz number 
is taken to be     2.44 10
−8
      , it was found that the lattice contribution accounts for more 
than 80 % of the total thermal conductivity as observed in other studies [67][153][154]. All the 
samples for       0.10 exhibited similar   values to the un-doped Co349 sample over the whole 
temperature range. Since the minor mass difference between Fe and Co atoms, Fe substitution 
was not expected to be an effective phonon scattering site. The decreasing   for the samples with 
higher Y dopant content (e.g.,    0.2 or 0.3) could be attributed to the heavy Y3+substitution for 
Ca
2+





Fig. 5.6. The temperature dependent thermal conductivity ( ) of Ca3−xYxCo4−yFeyO9+δ samples 
which exhibited lower values in the four respective groups described in Fig. 5.3 and 5.4: the Fe-
doped Co349 and co-doped samples with    0.03 to 0.10. Open symbols denote   values of the 
un-doped Co349 as a reference. The measurement was performed along the direction 
perpendicular to the SPS pressure axis for in-plane  . 
 
Finally, the ZT was calculated for all investigated samples using the in-plane (measured 
along the direction perpendicular to SPS pressure axis) Seebeck coefficient (S), electrical 
resistivity ( ) and thermal conductivity ( ). Fig. 5.7 presents the ZT as a function of temperature 
for the un-doped and a typical co-doped Ca2.9Y0.1Co3.97Fe0.03O9+δ samples, showing an 
enhancement over the whole studied temperatures. At 800  , the ZT value of the 









The Fe-doped and Fe/Y co-doped Ca3−xYxCo4−yFeyO9+δ (0    0.3, 0     0.1) systems 
were systematically investigated in terms of Fe and Y doping at the Co- and Ca-sites of Co349, 
respectively. The Fe substitution at the Co-sites effectively reduces the electrical resistivity ( ) in 
the high temperature region, while the Seebeck coefficient (S) is influenced only slightly. Y 
substitution for Ca
2+
 leads to an increase in the Seebeck coefficient but also in the electrical 
resistivity. With proper additional Fe doping, the rising   was compensated, together with the 
improved S leading to an improvement of the PF. Among all investigated systems, the co-doping 
effects of Fe and Y were most effective for the sample with    0.1 and    0.03 (i.e., 
Ca2.9Y0.1Co3.97Fe0.03O9+δ). The maximum power factor reaches a value of 510        , which 
is among the highest value reported so far on the Co349 system at 800 . Although the ZT 
enhancement is only minor due to no significant reduction in the overall  , the more significant 
increase in the PF owing to the reduction in   along with an increase in S renders Fe/Y co-doped 
Co349 a promising candidate for applications where the power output density is more important 





Effects of Ce doping in Ca3Co4O9+δ on High 




A series of Ca3−xCexCo4O9+δ (0    0.1) samples were synthesized by auto-
combustion reaction and followed by a spark plasma sintering (SPS) 
processing. The effects of Ce doping on high temperature (room temperature to 
800 ) thermoelectric properties are systematically investigated. The electrical 
resistivity ( ) and Seebeck coefficient (S) increased with Ce dopant content 
over the whole measured temperature range, while the in-plane thermal 
conductivity ( ) was only slightly influenced. Among all investigated samples, 
Ce doping showed a slight decrease in the power factor (PF) but similar figure-
of-merit (ZT) values to the un-doped sample, suggesting the potential for the 






Thermoelectric (TE) materials attract much attention as the ability to extract electrical power 
from thermal energy via the Seebeck effect. To evaluate the performance of TE materials the 
dimensionless figure-of-merit ZT (       ) is applied which involves the Seebeck coefficient 
(S), electrical resistivity ( ), thermal conductivity ( ) and absolute temperature (T). For TE 
applications used in high temperature region, oxide materials are one of distinct candidates due 
to its high-temperature structural and chemical stabilities, in addition, low cost, resource 
abundant [67][70]. In this category, p-type Ca3Co4O9+δ arouses a great interest after the 
discovery by Shikano et al. with a ZT of 0.83 (at 800 ) for a single crystalline sample as a 
promising high temperature thermoelectric p-type oxide material [67]. 
Misfit-layered Ca3Co4O9+δ (abbreviation Co349 used in the following text) consists of a 
CdI2-type hexagonal CoO2 subsystem and a rock salt-type Ca2CoO3 subsystem which are 
alternately stacked along the c-axis with identical a, c and β parameters but differ from 
incommensurate b parameters. This misfit-layered oxide therefore can be expressed as 
[Ca2CoO3][CoO2](b1/b2) with a b1 to b2 ratio of approximately 1.62, where b1 to b2 are two 
lattice parameters for the rock salt and CoO2 subsystems respectively [63][66]. As a p-type 
material, the hole charge conduction occurs mainly in the CoO2 subsystem with the Ca2CoO3 
layer acting as a charge reservoir, and the misfit between layers is expected to hinder the phonon 
transport [133][154].  
Although a decent ZT value has been shown for the Co349 single crystal at high temperature, 
the Co349 polycrystalline exhibits much lower ZT value of 0.2 at 800  [43][44]. To improve 
the ZT of the polycrystalline Co349, many efforts have been made by either chemical ion 
substitutions for Ca to adjust the carrier concentration or by fluctuate phonon transportation 
[69]–[71][122][156][157][165]–[167]. The rare-earth ions (La, Pr, Dy, Ho, Er, Yb and Lu) as 
substitutions at Ca-site of Co349 system have been reported by Wang et al. and Nong et al. [69]–
[71], which showed the capability to enhance the ZT value in high temperature region owing to 
the simultaneous increase in S and the decrease in the lattice thermal conductivity (  ). The 
similar thermoelectric tendencies, the increase in S and reduced  , also appeared in the studies of 
Ce substitution for Ca ion in Co349 at low temperature range (below 350 K) conducted by Tang 
et al. [166][167]. Ce doping resulted in the enhanced ZT values from about 0.003 for the un-
doped Co349 to 0.016 for the sample Ca2.9Co4O9+δ at 335 K, suggesting the potential for 
improving Co349 TE properties; however, the effects of Ce dopant at high temperature range 
remains unknown. 
In order to investigate the effects of Ce doping on high temperature thermoelectric properties, 
a series of the Ce-doped Ca3−xCexCo4O9+δ (0     0.1) were prepared. The thermoelectric 
properties were then measured and are presented from room temperature to 800  and the Ce 
doping effects in this temperature range are discussed. 
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6.2 Experimental Procedure 
Polycrystalline Ce-doped Ca3Co4O9+δ samples were synthesized by the auto-combustion 
reaction as the described in Ref. [44]. A stoichiometric ratio of analytical regent grade (99+ %) 
Ca(NO3)2·4H2O, Co(NO3)2·6H2O, Ce(NO3)3·6H2O were dissolved in distilled water with a 
specific amount of citric acid (99+ %) for the citrate–metal cation molar ratio at 1. Additionally, 
the citrate-to-nitrate molar ratio was tuned by introducing NH4NO3 (98+ %) to 0.40. After a 
uniform viscous gel was obtained, the auto-combustion process was initiated by raising the 
temperature to about 250  and which was completed within a minute. The resulting powders 
were calcined at 750  for 2 hours to obtain single phase Ca3Co4O9+δ as identified by X-ray 
diffraction.  
The powders were subsequently consolidated by a spark plasma sintering (SPS, Dr. Sinter 
SPS-515S, Fuji Electronic Industrial Co., Ltd.) to a size of 10 mm-thick pellets. The sintering 
conditions applied on the doped Co349 were chosen to be 800  for 5 min with a fixed uniaxial 
pressure of 50 MPa and a ramping rate of 100      based on our previous results [43][44]. 
X-ray powder diffraction (XRD) patterns were collected at room temperature using a Bruker 
D8 diffractometer with Cu Kα-radiation to identify the phase of the as-synthesized powders and 
SPS-sintered pellets. TE properties (in-plane TE properties) presented in this work were 
collected along the direction perpendicular to the SPS pressure axis [44]. The Seebeck 
coefficient (S) and electrical resistivity ( ) measurements, at the same direction, were carried out 
with an ULVAC-RIKO ZEM3 from room temperature up to 800  under a low-pressure helium 
atmosphere. The thermal conductivity was calculated by the equation          (where  ,   
and cp are the density, thermal diffusivity and specific heat capacity, respectively). The thermal 
diffusivity was obtained under vacuum in a NETZSCH LFA-457 laser flash system. The cp in 
this work was taken to be the temperature independent Dulong-Petit values. The bulk density 
was measured with a Micromeritics AccuPyc 1340 gas pycnometer. All samples exhibited 
densities of more than 99 % of the theoretical densities. The theoretical density 4.68       for 
the un-doped Co349 was determined based on the lattice parameters from Masset et al. [63]. TE 
properties ( , S,  ) shown in this work include less than 1 % measurement error and it was taken 
into consideration in the sequential comparison and discussion. 
6.3 Result and Discussion 
XRD patterns for the as-synthesized Ce-doped Ca3−xCexCo4O9+δ (0    0.1) samples are 
shown in Fig. 6.1. For a Ce doping content of    0.10, the XRD pattern revealed the existence 
of secondary phase CeO2, as indexed “♦” according to JCPDS PDF # 01-081-0792 suggesting 
the maximum Ce doping level in Co349 system. Except for the    0.10 sample, all peaks were 
indexed as Ca3Co4O9+ according to JCPDS PDF # 21-0139 and the XRD pattern reported in the 
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literature [63]. Fig. 6.2 shows a set of SEM micrographs of fracture surfaces for the un-doped 
(   0) and the doped    0.07 samples after the SPS processing. These micrographs were taken 
along the perpendicular direction of the SPS pressure axis. Fine platelet morphology elongated 
perpendicular to the SPS pressure axis was found in these two micrographs. It should be noted 
that no obvious difference in the morphology is evident from these micrographs, as also 
indicated by the XRD patterns (Fig. 6.1), which show no distinct difference in the intensity of the 
peaks for these two compositions. All samples prepared as described in the experiments section 
with the auto-combustion reaction and followed by the SPS processing exhibited high samples 





Fig. 6.1. XRD patterns of the as-synthesized Ce-doped Ca3−xCexCo4O9+δ (0 x   0.1) samples. 
The red (■) and blue (♦) line patterns with indices at the bottom are from JCPDS PDF # 21-0139 





Fig. 6.2. SEM micrographs of fracture surfaces observed along the direction perpendicular to the 
SPS pressure axis for the SPS-sintered un-doped Co349 (left) and Ca2.93Ce0.07Co4O9+δ (right) 
samples.  
 
Fig. 6.3 shows the electrical resistivity ( ) as a function of temperature for the Ce-doped 
Ca3−xCexCo4O9+δ (0    0.1). The un-doped Co349 exhibited the lowest   while   is found to 









 ionic radii (1.01   and 1.00   in six-
coordination respectively) [168], it is plausible that Ce dopant substitutes for Ca
2+
 ion as a 
trivalent Ce, and consequently results in the decrease in the amount of the hole carrier Co
4+
 for 
net valence balance. This is consistent with the results of Tang et al. who estimated the valance 
of the Co by effective magnetic moment measurements at low temperature and found that Ce 
doping may reduce the Co
4+
 concentration [166]. The increasing   induced by Ce doping might 





Fig. 6.3. Electrical resistivity ( ) as a function of temperature for Ca3−xCexCo4O9+δ (0 x   
0.1). 
 
The Seebeck coefficient (S) as a function of temperature for the Ce-doped samples is shown 
in Fig. 6.4. The monotonic increase in S with Ce doping content is clear. At high temperature 

























where C denotes the Co
4+
 concentration and the values of g3 and g4 are numbers of 




, respectively [38]. 
When the temperature is sufficiently high, the electronic correlation can be neglected, namely 
      where t is the transfer integral of an electron between neighboring sites and kB is 
Boltzmann constant, S is therefore temperature independent and is only determined by the ratio 
of       and the relative Co
4+
 concentration [35][38]. Based on the fact that the average 
oxidation state of Co ions in CoO2 subsystem of the un-doped Co349 is +3.5 with C   0.5 [154], 
in Fig. 6.4 at high temperatures the un-doped Co349 exhibited    165 µV/K which is close to 





 ions in CoO2 subsystem are in low spin state [38]. Upon Ce doping, the increase 
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in S at high temperatures from 160 to 180      might be interpreted as a result of the decrease 
in the carrier concentration which leads to the changed C value in Eq. 6.1 and the increase in the 
electrical resistivity in Fig. 6.3, and along with the maintained spin states of Co ions, meaning 




Fig. 6.4. Temperature dependence of the Seebeck coefficient (S) of Ca3−xCexCo4O9+δ (0 x   
0.1). 
 
The power factor (PF) as a function of temperature for the Ce-doped samples was calculated 
and plotted in Fig. 6.5. As a result of Ce doping which causes the increase in both   and S, the 
power factor of Ce doped samples was compromised throughout the whole temperature range. 
The PF was mainly influenced by the increase of S. These is no obvious trend for the decrease of 
the PF with increasing the Ce dopant but it seems that the maximum PF achieved at    0 and 
0.01. 
Fig. 6.6 shows the thermal conductivity ( ) for Ca3−xCexCo4O9+δ samples (the measurement 
direction is indicated in the figure). Since the total thermal conductivity ( ) contains both the 
electronic conductivity (  ) and the lattice conductivity (  ), namely        . In Co349 
system, more than 80 % of the total thermal conductivity is accounted for by the lattice 
contribution when applying the Wiedemann–Franz relationship,           where the Lorenz 
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factor is taken as     2.44 10
−8
       for Co349 [67][133]. Except the    0.10 sample, the 
Ce-doped samples in Fig. 6.6 showed slightly lower thermal conductivity values over the entire 
studied temperature range than the un-doped Co349 sample. The lowest thermal conductivity 
found in    0.05 and 0.07 samples might demonstrate the fluctuated phonon transport by 
heavier Ce dopants. The sample with    0.10 exhibited slightly higher value of   than the un-




Fig. 6.5. The temperature dependent power factor (PF) of Ca3−xCexCo4O9+δ (0 x   0.1). 
 
ZT values shown in Fig. 6.7 were calculated by the properties along the direction 
perpendicular to SPS pressure axis. All Ce-doped Co349 samples were found to exhibit similar 
ZT values throughout the whole temperature range regardless of the amount of Ce dopant. The 




Fig. 6.6. The temperature dependent thermal conductivity ( ) of Ca3−xCexCo4O9+δ (0 x   0.1). 
The measurement was performed along the direction perpendicular to the SPS pressure axis to 
give in-plane  . 
 
 
Fig. 6.7. The temperature dependent ZT of Ca3−xCexCo4O9+δ (0 x   0.1). 
 96 
6.4 Conclusion 
The Ce-doped Ca3−xCexCo4O9+δ (0 x   0.1) system was systematically investigated in the 
temperature range from room temperature to 800 . The trivalent Ce substitution for Ca
2+
 might 
result in the decrease of the carrier concentration leading to a simultaneous increase in the 
electrical resistivity ( ) and Seebeck coefficient (S), but the slight decrease in the power factor 
(PF). Similar ZT values for all Ce-doped samples suggest that the reduction of   is crucial to the 
TE performance. Coupling with another dopant to suppress the increased  , for instance Fe 
doping at Co-site in Co349, the potential of Ce dopant on the Seebeck coefficient enhancement 




The p-type misfit-layered cobaltate Ca3Co4O9+δ has been investigated and discussed, with the 
focus on the spark plasma sintering (SPS) processing conditions, synthesis development and the 
introduction of extrinsic dopants. 
The research began with the study of the effects of varying the SPS processing conditions 
and syntheses. The applied pressure, sintering temperature and ramping rate were varied 
systematically to approach optimized SPS conditions for consolidation of Ca3Co4O9+δ powders 
synthesized by solid-state reaction with characterizations of the thermoelectric transport 
properties, density, and degree of texturing. The bulk density was found to be the key parameter 
for reducing the electrical resistivity ( ) and thus maximizing the power factor, achieving 400 
        at 800  . However, the figure-of-merit (ZT) was independent of the solid-state 
reaction preparations. 
The Ca3Co4O9+δ powder synthesized by citrate–nitrate sol–gel reaction and densified by the 
concluded optimal SPS parameters for the solid-state reaction-synthesized powder was likewise 
evaluated for comparison. The pellet sintered at 850  with an applied pressure of 50 MPa 
preserved the smaller particle size during SPS as well as exhibited a visible degree of texturing. 
Measurements of the thermoelectric properties revealed an enhancement in the electrical 
conductivity and the power factor (PF) which reached 465         at 800 .  This can be 
attributed to the better grain alignment caused by the smaller particle sizes. Therefore, sol–gel 
reaction is suggested to be a preferable synthesis for high-performance thermoelectric 
Ca3Co4O9+δ. 
A new developed rapid synthesis method of producing Ca3Co4O9+δ fine powders using an 
auto-combustion synthesis was demonstrated. The auto-combustion process was initiated by a 
carefully controlled thermal oxidation–reduction reaction. The features of a wet chemical 
synthesis, such as morphological and compositional homogeneity, and fine, well-defined particle 
sizes are inherited. With the optimized SPS processing conditions and careful characterizations 
for anisotropic thermoelectric properties, the auto-combustion synthesis for pure polycrystalline 
Ca3Co4O9+δ exhibited a high power factor and ZT in the plane perpendicular to the SPS pressure 
axis of about 500         and 0.21 at 800 , respectively. Furthermore, the auto-combustion 
synthesis is able to be applied to doped Ca3Co4O9+δ for further thermoelectric performance 
improvement. 
Fe-doped and Fe/Y co-doped Ca3−xYxCo4−yFeyO9+δ (0     0.3, 0     0.1) samples 
synthesized by the newly developed auto-combustion reaction followed by SPS processing with 
the effects of Fe and Y doping on the high temperature thermoelectric properties were 
systematically investigated. In the high temperature region, Fe doping effectively reduces the 
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electrical resistivity while only slightly influencing on the Seebeck coefficient (S). Y doping 
leads to an increase in the Seebeck coefficient but also in the electrical resistivity. With proper 
additional Fe doping, the co-doped system is able to compensate the rising the electrical 
resistivity, leading to an improvement of the power factor along with the improved Seebeck 
coefficient. The co-doping effects of Fe and Y were most effective for the sample with    0.1 
and    0.03 (i.e., Ca2.9Y0.1Co3.97Fe0.03O9+δ). The maximum power factor reaches a value of 510 
       , which is among the highest value reported so far for polycrystalline Ca3Co4O9+δ at 
800 . The ZT enhancement is only minor due to no significant reduction in the total thermal 
conductivity ( ); however, the more significant increase in the power factor as the reduced 
electrical resistivity along with the increased Seebeck coefficient renders Fe/Y co-doped 
Ca3Co4O9+δ a promising candidate for applications where the power output density is more 
important than the overall conversion efficiency. 
The investigation of rare-earth element Ce doping in Ca3Co4O9+δ aimed to explore the effects 
on high temperature thermoelectric properties. With the auto-combustion reaction synthesis and 
a SPS processing, Ce-doped Ca3Co4O9+δ exhibited the increased electrical resistivity and 
Seebeck coefficient with increasing Ce doping content over the whole measured temperature 
range, while the in-plane thermal conductivity ( ) was only slightly influenced. Since the 
introduction of Ce leads to a small decrease in the power factor but also reduction in the thermal 
conductivity resulting in the ZT values being similar to the un-doped Ca3Co4O9+δ, the ZT may be 
enhanced in rare-earth and transition metal (e.g., Ce and Fe) co-doped Ca3Co4O9+δ through 
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